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Abstract

Upon going from a fossil fuel oriented to a hydnodmsed economy, a new infrastructure and
appropriate technologies have to be developedr#goitant target is the realization of suitable
hydrogen storage systems. There are several methadsre hydrogen, all with their own ad-
vantages and limitations. The key issues for sisfakBydrogen storage are: the reversibility of
hydrogen storage, high storage capacity underifeatonditions, appropriate kinetic and ther-
modynamic properties, safety and system costs.eTérer several techniques to store hydrogen,
for example as a gas, a liquid, a chemical carplysisorbed on large surface structures or as
chemically bound in e.g., metal hydrides. In theéport to IEA annex XX task B, the current
status of hydrogen storage in solid-state mateisasaluated.

In this rapport the main focus is on metals andatfietalloys based hydrogen storage materials.
Up till now, Mg (doped, catalyzed, and alloyed) bagn examined intensively as storage mate-
rial. However, due to slow kinetics and high desorptemperature, the potential of Mg for on-
board applications is limited. Recently, the aitamtas shifted towards light metals like Li, Be,
Na, Mg, B and Al and their complexes and alloygh&ugh for some compounds the hydrogen
storage capacity is promising, additional resedrah to be performed to improve the kinetics
and thermodynamic properties.

A brief inventory of the current activities in thigeld of materials research and system
development in the Netherlands and abroad is given.

The intrinsic properties of the most important comnpds are shortly described in increasing
order of being promising for on-board storage. hideo of appearance we treat chemical
hydrides, conventional intermetallic hydrides, Masbd hydrides and complex light weight
metal hydrides. Also some techniques to improvehydrogenation behaviour are discussed.
Special attention is paid to compounds that carestelatively large gravimetric amounts of
hydrogen such as alanates and borides. Furtherntioeeli-N based ceramic systems for
hydrogen storage are considered.

The main conclusion is that none of the hydrogeraegie materials known today simultaneously
fulfils all of the targets set by FreeDOM/CAR arttetIEA. Some of these are of technical
origin others deal with public acceptance but desitiis there are already many niche markets
with a different set of targets that can alreadynim. Hands-on experience in these markets
would greatly enhance the practical knowledge aming hydrogen fuelled PEMFC powered
vehicles.

2 ECN-E --08-043



Contents

List of tables
Summary
1. Introduction
1.1  Hydrogen storage
1.2 High pressure hydrogen storage
1.2.1 Summary high pressure hydrogen storage:
1.3  Cryogenic liquid hydrogen storage
1.3.1 Summary cryogenic hydrogen storage:
1.4  Other solid-state hydrogen storage mediums and techniques
1.4.1 Metallic glasses
1.4.2 Gas hydrates/clathrate hydrate
1.4.3 Organic liquids
2. Hydrolytic, pyrolysis, intermetallic hydrogen storage compounds and intrinsic
properties
2.1  Enthalpy of formation, targets for hydride formation
2.2 Cycle stability
2.3  “Classical” hydrogen storage metal hydrides: Hydrolytic
2.4  “Classical” hydrogen storage metal hydrides: Pyrolysis
2.5 “Classical” hydrogen storage metal hydrides: Intermetallic compounds

2.5.1 Summary intermetallic storage compounds:

3. Mg based hydrides

3.1.1 Summary Mg-based storage compounds:
4, New light-weight hydrogen storage compounds
4.1  Complex hydrides

4.1.1 Introduction
4.1.2 Mg.XH,
4.2  Alanates
4.2.1 NaAlH,4
4.2.2 LiAIH, and KAIH,
4.2.3 Summary alanates storage compounds:
4.3  Lithium nitrides
4.3.1 Summary lithium amide — lithium imide storage compounds:
4.4 Borohydrides
45 Boranes
5. Conclusions metal-hydride storage systems
5.1  Conclusions from review papers
5.2  General conclusions of the authors
6. Recommendations
6.1  Combinatorial research and high throughput screening
6.2  Goals for on-board hydrogen storage
Appendix A 44
Appendix B Metal hydrides and their properties
Appendix C  Research on hydrogen storage in the Netherlands
C.1  ACTS-NWO Sustainable Hydrogen Programme (First Tender)

C.1.1 Atomistic modelling of lightweight metal-hydrides

C.1.2 Metal-hydride thin films as a tool to find new/improved light
weight storage materials

C.1.3 Optical fibre hydrogen sensors

ECN-E--08-043

14
14
16
16
17
17
18

19
21

22
22
22
22
22
22
23
23
24
24
24
26

27
27
29

33
33
34

45

55
55
55

55
56



C.1.4 Novel nanostructured light metal hydrides for hydrogen

List of tables

storage-fundamentals and application 56
C.1.5 Mechanisms of hydrogen storage in alanates a first principles
approach 57
C.1.6 High energy density, fluorite-based, hydrogen storage
materials 57
C.1.7 University of Twente, The Neterlands 58
C.2 ACTS-NWO Sustainable Hydrogen Programme (Third Tender) 58
C.2.1 Destabilized, multi-component, Mg-based hydrogen storage
materials 58
C.2.2 Search for new light-weight hydrogen storage materials using
Hydrogenography 59
C.2.3 In situ NMR analysis of hydrogen storage materials 59
C.2.4 Hydrogen surface adsorption in porous crystalline materials 60
C.2.5 Nanostructured hydrogen storage materials: the benefits of
particle size effects and support interaction 60
C.2.6 Atomistic modelling of advanced hydrogen storage materials 61
C.2.7 Realisation and application of in-situ TEM of hydrogen storage
materials at 1-10 bar hydrogen pressure and 200C 61
C.2.8 Promoted hydrogen storage in nanoporous clathrate hydrate
materials with enhanced storage capacity 61
C.2.9 Hydrogen sensors and safety detectors for the hydrogen
economy 62
Appendix D  Hydrogen storage and future applications programs in Europe 63
D.1  STORHY: Hydrogen Storage systems for Automotive Application 63
D.2  COSY: research network develops novel hydrogen storage materials 63
D.3  FuncHy - Functional Materials for Mobile Hydrogen Storage 63
D.4 NESSHY 65
D.5 Current running European projects 66
Appendix E  Research Institutes working on metal hydrides Europe- Japan 67
Appendix F  Research Institutes working on metal hydrides USA 70
F.1.1 Center of Excellence carbon nanotubes 74
F.1.2 Hydrogen Storage, Engineering Center of Excellence 75
Table 5.1 Selected k- storage system and media targets for fuel edlioles 27
ECN-E --08-043



Summary

In this report to IEA annex XX task B, an overviesvgiven of the current status of hydrogen
storage materials in connection with on-board hgdrostorage applications. The storage meth-
ods and materials discussed here are:

High pressure KHgas
Cryogenic H liquid

Metal glasses
Intermetallic compounds
Mg based hydrides
Complex hydrides,
Lithium nitrides
Borohydrides

For each type of compound the specific hydrogemnage properties and limitations are dis-
cussed. The physisorption of hydrogen on largeasariarea structures (for example carbon-
based) is not evaluated here due to the requirgziyenic conditions. Furthermore, techniques
to improve hydrogenation kinetics, thermodynamind atorage capacity are presented (ball-
milling, addition of catalysts, destabilizing thgdnide phase etc).

For on-board hydrogen storage international orgaioiss posed some criteria for efficient on-
board hydrogen storage. The most important crijgosed by the FreedomCAR/DOE for mo-
bile applications to be met in 2010 are; Useabkrgyndensity 1.5 kWh/L, storage weight per-
cent 6 wt.% of H, operating temperature -30/80) cycle life (> 1000 cycles), delivery pressure
2.5 bar, refuelling time < 3 min (5 kgxH

From a storage point of view, classical intermetalbmpounds have a too low gravimetric hy-
drogen storage capacity for on-board applicatiéhg.is more promising as storage material,
however slow kinetics and unpractical thermodynaniimits its practical use for on-board
storage. During the last years the attention hdsedhtowards light weight metals like Li, Be,
Na, Mg, B and Al and their compounds. Although #imounts of stored hydrogen are promis-
ing for certain compounds, additional researchtbase done to improve kinetics, thermody-
namics (ad/desorption temperature) and reversitwfithe hydrogenation of these compounds.
Other promising systems are the Li-N based ceraystems and combinations of different
types of hydrides to modify the overall hydrogeoatenthalpies. Considering all these metals
and their alloys, it is concluded that none oftibetiay known compounds will satisfy all the tar-
gets simultaneously.

Investigation of the current status of storage netereveal that there are some very important
properties which are more or less disregardedseareh. Although it is generally accepted that
catalysis plays a vital role in the feasibility lmfdrogen storage in metallic compounds, their
working mechanism is often unknown.

Furthermore, most of the experiments on hydrogerage compounds are performed under
ideal laboratory conditions. This implies small Iscaxperiments under idealized conditions
(high purity hydrogen gas, clean conditions). Tfame it is necessary to investigate the me-
chanical stability, chemical stability, thermal dowtivity and cycle life, because a possible ap-
plication will operate under non-ideal conditioAdso the tolerance to impurities and contami-
nations, the adsorption/desorption kinetics undalistic conditions and heat and mass transfers
in the material are properties that need to beidered. In this context it is important to realize
that in many reports only the maximal storage céy&creported and not the effective reversi-
ble hydrogen storage capacity, which is in generalhmawer.
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Also an inventory is given of the current activéti@and projects on material research and
hydrogen storage in the Netherlands and abroackkhs w
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1. Introduction

The inventory of state-of-the-art technologies aad developments in on board hydrogen stor-
age is performed by ECN and made available to IEBA&x XX task B, see Appendix A.

1.1 Hydrogen storage

For the transition from a fossil fuel to a hydrodesed economy, hydrogen storage is a key is-
sue. One needs to pack the hydrogen as close siblposince the volumetric density at stan-
dard conditions is very low. To achieve this gaddliional materials and energy are required,
since hydrogen is merely an energy carrier. Hydnagen be stored as a gas, a cryogenic liquid,
physisorbed on large specific surface area strestin metal hydrides, in complex hydrides,
and chemical hydrides (by means of chemical reas}iolThe need to pressurize the gas (high
pressures, safety issue, and energy losses) atidgctmliquefy (energy losses) makes the stor-
age in metal-hydrides a very interesting optionnilenetals (and alloys) are abundant, cheap,
metal hydrides are relatively safe and can corgdiigh volume density of hydrogen, see Figure
1.1. The given values are based on a driving rafi§®0 km which requires around 4 kg of hy-
drogen. In this rapport an overview is given of #tate-of-the art hydrogen storage materials.
Furthermore, some techniques to improve hydrogeragé and system developments are de-
scribed.

The research on new hydrogen storage materialaglthe last years has shifted towards light
metals like Li, Be, Na, Mg, B and Al. These metats particularly interesting due to the fact

that they can contain a high weight percentageydidgen. The US Department of Energy

(DOE) presented several requirements for an onebbgdrogen storage system. Furthermore,
to obtain an easy and safe operating system, addwdrogenation pressure is desired. The re-
quirements for effective on-board hydrogen storage (FreedomCAR/DOE, Japan and IEA

targets are comparable):

1) Appropriate thermodynamics (favourable enthalpiéshyrrogen absorption and
desorption),
2) Fast kinetics (quick uptake and release),

3) High storage capacity (specific capacity to be mheiteed by usage),

4) Effective heat transfer,

5) High gravimetric and volumetric densities

6) Long cycle lifetime for hydrogen absorption/desumpt

7) High mechanical strength and durability,

8) Safety under normal use and acceptable risk urmermal conditions,
9) Cheap components and materials

The specific targets for mobile applications spedifby the Department of Energy’s Office of
Energy Efficiency and Renewable Energy are givehable A.1 and Table A.2.

From literature it is clear that to meet the reguients for hydrogen storage, the current status
of the technology is insufficient. The posed gaalanot be met simultaneously and realization
of these targets requires new breakthroughs inraexesearch fields. For example to give an
idea about the system requirements, to drive wittaxgerage car 100 km one needs 3 litre of
gasoline (2.21 kg) (energy density gasoline 12.higY) for an average car. This is equivalent
with 0.84 kg of hydrogen (energy density 33.3 kV)/K o drive 500 km, 4.2 kg of hydrogen is
required. To store this amount of hydrogen in feareple LaNi (weight percentage of 1.4
wt.%), one needs 300 kg of metal-hydride mateBalsides the weight problem also the heat
development during hydrogenation is important. Borenthalpy of formation obH = -35
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kJ/mol H, the heat release during a 3 minute refilling tilme405 kW, see Figure 1.1
(Schlapbach, Zittel, 2001).

Mg,NiH,4 LaNisHe H, (liquid) H, (200 bar

Figure 1.1 Comparison the different hydrogen storage techrggier on-board hydrogen
storage a metal hydride is preferred due to thgdéavolumetric density. Howevat
this momentthe weight penalty limits its practical applicatigSchlapbach, Zttel,
2001).

In addition to the posed targets one can thinknaétél) hydrogen storage systems which are
suited for specific purposes. For example if tlegagge capacity is high enough, one may accept
lower hydrogenation kinetics and not use the fidiage capacity of the metal hydride. For on-

board applications one can think of only using log#m based cars in certain regions, smaller
(lighter) cars and metal hydrides for applicationghich weight is not really a limitation.

Besides the intrinsic hydrogen storage propertieh® metal-hydride system like thermody-
namics, kinetics, etc, the mechanical and chenpicgberties of the storage system are equally
important for an application. These include expamsnd shrinking upon hydrogenation, em-
brittlement and sensitivity to temperature changgson hydrogen absorption the metallic host
obtains a reduced ductility and tensile strengthrapeated hydrogen absorption and desorption
can pulverize the material. A phase transitionmyhydrogenation can also be an undesired ef-
fect. This can be a metal-hydride phase transitiche same material (for example Mg-MgH

or a phase transition in a multi component systdass transfer and multiple reactions during
the phase transition usually limit the kinetics aadersibility of the system and sensitivity to
water, oxygen, CO etc. is also an issue.

Although metal hydrides are considered as idealtdgeh storage system (mainly due to the
high volumetric density), an obvious candidatedonfboard (automotive) applications is not yet
reported. To Iillustrate this, an extended databasemetal hydrides is provided by
http://hydpark.ca.sandia.gowhis database lists more than 2000 hydride fogrefements,
compounds and alloys, but does not report oneesicginpound which meets all the posed tar-
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gets simultaneously. Furthermore, it is reporteddgchalaet al. (Grochala, Edwards, 2004)
that a major dilemma exits for all today known hgds: or the desorption temperature is low
but the storage is irreversible or the hydrogen lmarstored reversibly but the desorption tem-
perature is too high for practical use. Furthermitris well worth to mention that these authors
do not believe the storage problem will be solveth\a binary or ternary metal-hydride com-
pound.

In addition it is also important to consider thaedias to make the distinction between the theo-
retical hydrogen storage capacity, hydrogen storageacity under laboratory conditions, and

hydrogen storage under “real-life” conditions. @fnly the theoretical storage capacity is re-

ported which can differ largely from the storageawity under moderate and practical condi-

tions. For intermetallic compounds only 50-90% loé tmaximum hydrogen storage capacity

can be used and often this does not even inclueedimplete storage system. Furthermore, the
influence of activation, sensitivity to gas impig#, heat transfer, cyclic stability, protection of

the metal hydride, and volumetric change on thedyeh storage capacity is often neglected.

According to the U.S Department of Energy some irtg questions that need to be consid-
ered for practical applications are:

1) Does hydrogen physisorb or chemisorb?

2) Does it bind molecularly or dissociatively?

3) Where does the hydrogen reside?

4) What is the nature of its hydrogen diffusion medtiau?
5) What are the activation barriers for hydrogen detsam?

6) What adverse effect does hydrogen have on thetstal@nd mechanical stability
of the host material?

7 What is the nature of bonding of hydrogen with haistns — ionic, covalent, or
metallic?

8) What roles do surface morphology and defects pidydrogen absorption and de-
sorption?

9) In what ways is it beneficial to store hydrogemavel materials, such as nanos-

tructures and porous materials?
10) How do catalysts help in reducing the operatingaterature and pressure for hy-
drogen uptake and release?

The posed targets for hydrogen storage are maaggdon the current status of the automotive
industry. With this in mind, we are mainly intemstin materials and techniques for on-board
hydrogen storage since the storage propertiestétiosary applications greatly differ. To be
complete we consider here the three most maturesfaf hydrogen storage today: gas, liquid,
and solid (sorption) materials, with the main foousstorage techniques and materials.

1.2 High pressure hydrogen storage

For gaseous hydrogen storage under high pressere #ine some techniques like steel tanks,
composite tanks, glass spheres etc. The most manggromising technique are the carbon-
fibre-wrapped hydrogen composite storage tankssdl@nks are available, safety-tested, sim-
ple of construction and can contain pressures Uf@obar (6.7 wt.%). There are already several
pilot applications in the world today using thighaique, but high pressure storage has some
disadvantages. The large physical volume requideeq not meet the volumetric target), high
costs and safety issues are still under investigaind discussion. Furthermore, as the storage
capacity of a composite tank is limited by the maler interaction of the hydrogen, an increase
in pressure is not proportional to an increaseonage capacity at higher pressure, see Figure
1.2. Another restriction is the considerable endogs during pressurization of the hydrogen
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gas which is typically in the order of 12 — 16 % émmpression to 800 bar (depending on the
type of compression). Further research is requoeibtain commercial applications.

Figure 1.2 Volumetric density of compressed hydrogen gas danation of gas pressure
including the ideal gas and liquid hydrogen storagbe ratio of the wall thickness
to the outer diameter of the pressure cylinderhieven on the right hand side for
steel with a tensile strength of 460 MPa. A schamdtawing of the pressure
cylinder is shown in the inset. The deviations ftbe ideal gas line are indirect a
consequence of the change in chemical potentiafuastion of pressure and
temperature (Zittel, 2003a).

1.2.1 Summary high pressure hydrogen storage:

Most mature method for the moment

Requires further R&D on materials and techniques
Many applications already realized (6.7 wt% 700 bar
Does not meet the vol.% target

Energy loss (12-16% at 800 bar)

Requires safety consideration and public acceptatio

1.3 Cryogenic liquid hydrogen storage

Hydrogen can also be stored in the form of a crgagkquid (-253C) or stored as a constituent
in other liquids such as NaBHolutions, rechargeable organic liquids, or anbydrammonia
NHa. Liquid hydrogen is already used in some commevehicles. Liquid hydrogen has a den-
sity of 70.8 kg/m and a gravimetric density of 100% like gaseousdyen. However, in prac-
tical applications only 20 wt.% of hydrogen candwmhieved today. The main advantage of lig-
uid hydrogen is its high storage density at retatow pressures. Liquid hydrogen has a much
better energy density then pressurized hydrogema lbrtge amount of energy is required for the
liquefying process. The energy required for theidfying process is W = 10 kWh/kg while
the higher heating value (HHV) of hydrogen 39.4 Kkgh This means that at least 25% of the
energy is lost (30-40% is more realistic). To metaiyogenic conditions, super insulated tanks
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should be used however the boil-off loss duringricy is also a severe limitation. In order to
limit these losses, the storage system becomds/etjacomplicated, see Figure 1.3.

Figure 1.3 Example of a cryogenic hydrogen storage systenur¢8owvww.Linde.com

1.3.1 Summary cryogenic hydrogen storage:

High vol.% capacity (70.8 kg/f

High wt.% capacity (practical ~ 20 wt.)

From ortho-hydrogen to para-hydrogen upon liquéacteat is released
(phase transition)

A minimum of 25% energy loss due to liquefaction

Loss of efficiency due to evaporation (boil-off)

Complicated system requirements

1.4 Other solid-state hydrogen storage mediums and techniques

Besides high pressure hydrogen storage, cryogiepiici lhydrogen storage and storage in metal
based compounds, there are other hydrogen stoeabeiques. The ones based on the phy-
sisorption of hydrogen at relatively low temperation large surface structures or the encapsu-
lation and physical trapping of hydrogen are: Carbased structures, hydrogenated amorphous
carbon, self-assembled nano composites/aerogasgo Zeolites (crystalline nano porous ma-
terials, Metal Organic Frameworks (MOF of whiche@mple is shown in Figure 1.4), encap-
sulated in glass microspheres, boron nitride ndrestuand hydrogen in hydrates and clathrates.
When physisorption is involved, cryogenic process@snecessary with similar drawbacks as

for liquid hydrogen storage.
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Figure 1.4 The minimised unit cell of MOF5 viewed from twdedént direction directions. Left
the open pore structure is visible. White sphengsirogen, light gray: carbon, dark
grey: oxygen, black: zinc. The hydrogen adsorpsites are indicated by arrows
(Mulder, 2005).

Some based on chemical storage are: bulk crys#dinorphous materials (multi-component
alloys), chemical storage media or hydrogen carferethanol, ammonia, etc) and reversible
hydrogenation of organic liquids {8,) where the efficiency of the last two depend o ¢hn-
version and selectivity of the reactions involvelégre three methods are discussed more exten-
sively, namely the metallic glasses, gas hydrdtbfate hydrates and the organic liquids.

1.4.1 Metallic glasses

Most metals and alloys of different types of met@opt some crystalline structure. Metals
without any form of crystalline structure are anfwps and referred to as metallic glasses or
glassy metals. The hydrogen storage capacity aktheaterials depends strongly on the micro-
structure of the compound as the hydrogen is tidygpeénterstitial sites. Kumaat al. (Kumar,
Wang, 2004) reported that Zr and Cu based mefglbisses can absorb an appreciable amount
of hydrogen but the storage is irreversible. Therbgen induced a crystallization process upon
heating. Metal glasses based on Fe and Y aretméstdrogen. The hydrogen absorption by the
metal glass ZpTisAl 1,CuoNiy3 is investigated by Soubeyroek al (Soubeyroux, 2003). They
found that the formed hydride depends strongly ke dpecific structure of the metal glass.
ZrH, is formed when hydrogen is applied to the amorphghase and 2iH, is formed in case

of the intermetallic phase. A Pd coated metal gtagsvs improved desorption kinetics and full
desorption is obtained even below 300or hydrogen concentrations up to H/M = 0.4. How-
ever, higher hydrogen concentrations lead to imslke changes in composition (Zander,
2003).

From the limited amount of publications on thesmpounds it is obvious that the hydrogena-
tion process and the subsequent heating to retkaseydrogen have a large impact on micro-
structure and crystalline structure of the metabsg| It is therefore questionable if these systems
are stable under repeated cycling. Furthermore;dhgounds considered so far contain Zr, Cu,
and Ni, which are relative heavy elements whichulteégs a low gravimetric hydrogen storage
capacity. The research on these types of matésiasll in an early stage and the focus is on
light metal glasses.

1.4.2 Gas hydrates/clathrate hydrate

Clathrate hydrates can also be used to store hgdrdyclathrate consist of a hydrogen-bonded
water host lattice that can contain one or moresypf so-called guest molecules. Current re-
search is performed to identify mechanisms thatedese the stability of the clathrate hydrides
and determine the thermodynamically most favouese@ccupancy (Sluiter, 2004).

It is known that hydrogen clusters can be stahilizea clathrate hydrate at very high pressures
of 220 MPa at 249K. (Mao, 2002) (Mao, Mao, 20049rksseet al. showed that hydrogen clus-
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ters can be stabilized and stored at low pressutbs; the sll clathrate hydrate lattice by stabi-
lizing the large water cages with the compoundatbirdrofuran (THF). Tetra-hydrofuran is
able to stabilize the clathrate at a pressure Pz at 279.6 K versus 300 MPa at 280K for a
pure H hydrate. It is shown that promoter guest molecabes be used to store hydrogen in a
binary clathrate hydrate at low pressures. By thimazation of this promoter, the storage of
hydrogen might be increased. However the use aktbathrates as hydrogen storage is a quite
new research field. In case of sll binary hydroggdrate, with double occupancy of the small
cavities by H and the large cavities partially occupied by Titfe mass of hydrogen could be
up to 4%. This is however far from the desiredagercapacities required for on-board applica-
tions. Further research on this system has to be ¢t determine its full potential and limita-
tions. It is obvious that temperature excursionshig type of storage system should be pre-
vented.

1.4.3 Organic liquids

Hydrogen can also be stored in the form of hydroggmiers, for example organic liquids. The
reversible catalytic dehydrogenation of methylchelwane (GH,,) to toluene (gHg) occurs ac-
cording to the following reaction, see Figure 1.5:

C7H14(|) ® C7H8(|) + 3H2 (g) (Tdes: 300'4OGC)

which involves 6.1 wt.% of hydrogen. The main disattages of organic liquids when used for
hydrogen storage are the rest product after delggtiation which needs to be sent back to a
recycle plant for rehydrogenation. Both rehydrogiemaand hydrogenation are catalyzed proc-
esses with selectivity and conversion well beloWw%0 This means that by-products have to be
removed which makes the process energy intenskpensive, and dirty. The very limited cycle
life is a restriction of this system. Furthermdie methylcyclohexane is a liquid which can re-
act strongly with oxidants resulting in explosiamdafire. Therefore the use of these types of
storage systems for on-board storage is questienabl

Figure 1.5Hydrogen storage in the form of organic liquids.ddpgoing from Decalin
(Tetralin) to Naphthalene and from Methylcyclohexam Toluene results in the
release of hydrogen. This process can be useddisdmn storage or hydrogen
carrier material (Source: Y. Saito Organic Hydrides Carrying Hydrogen,
International H storage Technologies Conference, Italy 2005).
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2. Hydrolytic, pyrolysis, intermetallic hydrogen storage com-
pounds and intrinsic properties

2.1 Enthalpy of formation, targets for hydride formation

For a system in thermodynamic equilibrium, the Bloiim pressure gof the monovariant het-
erogeneous equilibrium reaction (Bevers, 2006; Be\2007),

A(s) + xB(g)« C(s)

Figure 2.1 For a typical intermetallic compound the pressuoenposition isotherms are shown
on the left of the figure. From left to right afdeosvn thea - phase, the coexistence
of thea and b phase and th#& - phase region. The coexistence of the two phiases
characterized by the nearly flat plateau’s whichifecreasing temperature ends up
in the critical temperature. The slope of the VaHOff plot is equal to the enthalpy
of formation divided by the gas constant and itericept is the entropy of formation
divided by the gas constant (Zuttel, 2003a)

is given by

T
D.G(T) =D,c°(T) + xRTIn P = g

Po
The molar Gibbs energy change of the reactiomisrgbyDG, p, is a reference pressufaG is
the Gibbs energy change af and R the gas constant. In combination with

D,G°=D,H°- TD,S°

where the enthalpy (kJ mbH,) and entropy (JK mol* H, at 15 Pa) are given by H and S re-
spectively, for the equilibrium pressure p(T) wadfithat

nPM __ DH® 1 DS
Py xR T xR

The loss of entropy when the hydrogen gas is alsblly the solid determines the entropy
changeD'S’ @S, =-130.684 J K mol* H, at a pressure of 1®a and room temperature (300
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K). By plotting the logarithm of pressure versus tieciprocal temperature, see Figure 2.1, the
slope of the line is equal to minus the enthalpfoaihation per mole KHdivided by the gas con-
stant, see Figure 2.2.

Figure 2.2 lllustrative Van 't Hoff plot representing the psese-temperature relation for a
hydrogen storage material. The difference betwsgnitie formation (I) and
hydride decomposition () often has its origintie mechanical restrictions and
properties of the material.

For a Gibbs free energy of around zero, a practigdrogen storage material at a pressure of
10° Pa and room temperature (300 K), an enthalpy mfidion of ~ 39 kJ mdiH, is required.

To obtain storage materials which are interestorgoh-board hydrogen storage, one needs to
find materials with lower operating temperaturegéming to the right in Figure 2.3) and lower
enthalpy of formation (meaning a smaller slopeiguFe 2.3).
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Figure 2.3 For several selected metal hydrided/drét Hoff plots are shown. The influence of
stabilization of LaNi by the partial substitution of Ni by Al is alsocstn. The
Van'‘t Hoff as well as the substitution of La withsochmetal (e.g. 51% La, 33% Ce,
12% Nd, 4% Pr) (Zuttel, 2003a).

2.2 Cycle stability

Besides the high storage capacity and reversilgfithe hydrogen storage, the storage medium
has to be stable under repeated hydrogenation/deiiation cycles. This stability is largely
determined by the microstructure and chemical ceanlyiring the hydrogen absorption and de-
sorption process. The combination of temperaturesgure, hydrogen absorption/desorption
(expansion and contraction) can result in a chamgeicrostructure and chemical composition
of the storage material which in combination whie sensitivity to oxidation and contamination
makes the cycle stability one of the more diffidaltgets to achieve. For metal — hydride based
batteries, metals (or combinations of) like Ce, Na, Pr and metal oxides like 0y, Al,Os

and CeQ are often used to improve the cycle stability gdBobet& Darriet, 2002). For this
reason these types of materials are also consideredhproving the stability of the hydrogen
storage materials (Song, Bobet& Darriet, 2002).0dd) cycling stability is reported for over-
stoichimetric La(Ni,M3.x (with M = Mn, Cu) (Latroche, Notten& Pervheron-Ggen, 1997;
Notten, Latroche& Pervheron-Gue'gan, 1999). Intamtdione also has to keep in mind that the
depth of hydrogen charge and discharge are of derahle influence on the cycle stability of
the storage material.

In the rest of this report a categorization of reewd novel materials and processes is given for

the development of hydrogen storage metals. Furmibie, different compounds, alloys and
elements are evaluated as being potential candiftatdnydrogen storage.

2.3 “Classical” hydrogen storage metal hydrides: Hydrolytic

Li, Na and Mg can form a metal-hydride phase upgairdgen absorption. When these hydrides
are brought in contact with water they release ¢gein according to the reactions,

MHy + XH,0 ® M(OH)y + xH,
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in which M is a metal and x its valence, or
MXH, + 4HO® 4H, + MOH + H:XO;

here M is a group | metal and X is a trivalent edatrfrom group lll. In reality the reactions are
not as well defined as presented here. These lygisaleactions are generally characterized by
high storage capacities since hydrogen from theitigcand from the water are released during
the reaction. From the on-board storage perspeittisés however not a suited technique due to
the irreversibility of the process. The reactiondarcts have to be sent back to the recycle plant
to be regenerated. For storage percentages see A&l

2.4 “Classical” hydrogen storage metal hydrides: Pyrolysis

For a certain category of metals and alloys a laydphase can be formed at high hydrogen
pressures. The hydrogen release is obtained bingagt the compound (pyrolysis) according
to the reaction,

2M + xH, 2MH, + heat

with M a metal or an alloy. Although these reactiame reversible, the high hydrogen pressures
required for regeneration of the hydride limit firactical use for on-board hydrogen storage.
Some examples of hydrogen release by heating teigefith hydrolysis and their properties are
given in Table A.3.

2.5 “Classical” hydrogen storage metal hydrides: Intermetallic com-
pounds

For many years it is known that intermetallic comptds can be used for reversible hydrogen
storage. One of the first application oriented ireyarogen storage systems were Lali.4
wt.%) (Vucht, Kuijpers& Bruning, 1970), see Figueet, and FeTi alloys (Reilly, Wiswall,
1974). However these intermetallic compounds haregteer low gravimetric hydrogen storage
capacity. Due to this weight penalty these allagsret suited for on-board storage applications
(Reilly, Sandrock, 1980). The basic design prireifdr these storage systems is that they are
formed by combining an element that forms a sthptiride phase and an element that forms a
non stable hydride phase and the hydrogen is lddateterstitial sites. Extended review arti-
cles on these intermetallic hydrogen storage comg®ware given for example by Sandratk

al. (Sandrock, 1999), Schlapbaehal. (Schlapbach, 1988) and Yve al. (Yvon, 1998). The
properties of the different types of intermetalirogen storage compounds are given in Table
A.4. The intermetallic hydrides are ordered accordmgheir crystal structures such as AB
A:B, AB and AB;. The most commonly used hydrides are the Afdrides with A usually a
lanthanide element (atomic number 57-71), Ca oclmeetals (rare earth metal mixtures, which
are cheaper) and for B elements like Ni, Co, Al, ¥e, Sn, Cu, Ti, etc.

The advantage of these systems is that the absorgtid desorption can be tuned by alloying
the correct concentrations and types of elemets.hlydrogenation of intermetallic hydrides is
reversible with good kinetics. Although these dizedshydrides have good volumetric hydrogen
densities (~130 kg #m® for LaNisHg), due to their weight penalty (1-2 wt.%,)Hhey are
mainly interesting for stationary applications.
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Figure 2.4 Electron Localization Function ELF in the-(210) plane of (a) LaNiand (b)
LaNisH; (P6me) (Hector, Herbst& Capehart, 2003)

2.5.1 Summary intermetallic storage compounds:

Low hydrogen absorption/desorption temperaturefunes
Multiple cycles are possible

High volume storage capacity

Good hydrogenation kinetics

Low gravimetric storage capacity

Not suited for mobile applications
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3. Mg based hydrides

Over the years Mg is seen as one of the most prognesindidates for hydrogen storage due to
the high hydrogen storage capacity of 7.6 wt.%h tegergy density (9 MJ/kg Mg), reversible
hydrogen absorption/desorption, Mg is abundante g#f protected from oxidation), heat-
resistant, non-toxic and vibration absorbing (ZkfysZaluski& Strom-Olsen, 2001b) ((Zaluska,
Zaluski& Strom-Olsen, 1997) (Zhu, 2006) (Wiswal7B).

However there are some properties of the Mg,-sy$tem which limits its practical use as hy-
drogen storage system. The large negative entludlfiyrmation results in a stable Mg hydride
phase (desorption pressure of 1 bar is around@0(Grochala, Edwards, 2004) (Imamura,
2005). In addition the hydrogen dissociation onrietallic Mg surface is an activated process
with a high activation barrier of 8.0 ¥J (Norskov, 1981) resulting in a slow chemisonptio
process. When the Mg hydride layer increases ickitl@ss during hydrogenation it becomes
more and more impenetrable for hydrogen. This m®deaves the underneath lying Mg un-
reacted resulting in decreased kinetics and incetaplhydrogenation (Holtz, 1996)
(Friedimeier, Groll, 1997). During the past, inteesresearch has been done to improve the hy-
drogenation kinetics and thermodynamics of magmessee Table A.5.

To overcome the thermodynamic and kinetic limitagiothe addition of a catalyst can play an
important role. The main objectives are to overcdhe dissociation barrier of the hydrogen
and to destabilize the hydride phase (Reule, 200@ng, 1998) (Aoyagi, Aoki& Masumoto,
1995) (Hong, 2000). A catalyst that improves thdrbgenation process considerably due to its
catalytic properties is Pd (Zaluska, Zaluski& Str@isen, 1999a; Zaluski, Zaluska& Strém-
Olsen, 1995). However, the high cost and gravirmeteight of Pd limits its practical use for
large scale and on-board applications. The addafddi and other transition metals (Ti, V, Mn
and Fe) also improve the hydrogenation behaviarefiés) of Mg and decrease the activation
energy for hydrogen desorption (Baer, Zeiri& Ko§ldf997; Bloch, Mintz, 1997) (Gennari,
2002; Holtz, Imam, 1999; Iwakura, 1999; Liang, 18p8Dehouche, 2000; Kyoi, 2004; Liang,
1999b), see Table A.5. Besides pure metals, thégi@aaf certain metal oxides can improve
the hydrogenation behavior considerably (Dehou@08?2; Jung, Lee& Lee, 2005; Oelerich,
Klassen& Bormann, 2001; Song, Bobet& Darriet, 2088) some of these catalyst additions
are shown in table Table A.5. A slightly differeagiproach is to reduce the stability of the Mg
hydride phase by addition of elements like Zn, Adj, In and Cd for example (Liang, 2004).
Although many types and compositions have been, uaag often the exact working mecha-
nism of the catalyst is unknown.

Also the microstructure, grain size and crystafjirif the Mg can have a large influence on the
hydrogen absorption and desorption. For examplentiling of Mg creates an increased sur-
face area with many defects (also inside the najephase boundaries, decreased grain size
and porous surface structure with many active dideshydrogen absorption/desorption but
leaves the storage capacity almost unaltered.rébidts in improved kinetics and surface activ-
ity for hydrogenation, reduction in activation eger decreasing desorption temperature, en-
hanced kinetics and higher hydrogen diffusion tgtothe material. Also ball-milling in the
presence of an hydrogen atmosphere or with thdiaddf a catalyst improves the hydrogena-
tion kinetics (and thermodynamics) (Chen, Williamd895; Huot, 1999b; Huot, Akiba& Ta-
kada, 1995; Song, 2006; Zaluska, Zaluski& Strome®|s1997; Zaluska, Zaluski& Strom-
Olsen, 1999a) (Wang, 2000b; Wang, 2000a) (Fabid@oR

In this context it is interesting to mention therlwof Wagemangt al. (Wagemans, 2005) who
calculated both the Mg and Mgldluster energies as function of the number of ktgns in the
cluster. They find that when going down in humbkatoms, the energy of the clusters become
less negative. Thus, reducing the grain size resula less stable hydride phase. Although ball-
milling is an effective and simple technique to noye the hydrogenation properties, it is an en-
ergy consuming process as the hydrogenation ksetiproves with milling time.
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Based on Table A.5, the hydrogen storage capaaitivy based hydrides is shown in Figure
3.1. The figure nicely indicates the large spreadtorage capacity as function of the different
additives and desorption temperatures. The nunftreiported Mg compounds having a desorp-
tion temperature below 250 is very limited.
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Figure 3.1 Hydrogen storage capacity of Mg based hydride \edesorption temperature. If
the desorption temperature is not available theogjpson temperature is used. In
case a range of values is given, the average vaumken. The corresponding
desorption pressure can be obtained froafble A.5

Although extended research has been done to imphevbydrogenation properties of Mg, it is
concluded that no Mg based hydride has been fcuaitchias a significantly lowered enthalpy of
formation, improved kinetics and with a high graeimc storage capacity (the desorption tem-
perature is still around 300, see Figure 3.1) which allows practical on-bdaydrogen stor-
age. The spread in data is roughly indicated by(tbd) bars. Another possibility to develop
new Mg-based hydride systems with lowered reactiotihalpies and retaining high hydrogen
capacities is the combination of Mghith other types of light-metal hydrides. Dornhesinal.
state that when the components of the composited exothermic during desorption this sys-
tem can be denoted as reactive hydride compo®@sleim, 2007). This is based on an addi-
tional exothermic reaction of components of différbydrides during desorption to form a sta-
ble compound or an additional endothermic readfioring absorption. The heat generation and
desorption temperature are determined by the enthal formation (Barkhordarian, 2004;
Barkhordarian, Klassen& Bormann, 2006; Vajo, Sk&iMertens, 2005). In this way the effec-
tive enthalphy of hydride formation becomes smalléris research is still fundamental (re-
search stage) and typical reactive hydride comgesite MgHl + Ca(BH,),, MgH, + 2NaBH,,
MgH,+ 2LiBH,4 based on the reactions (Dornheim, 2006),
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MgHZ « Mg +H2 Tdes, 1bar— 300C
DH =-78 kd/mol H, 7.6 wt.%

NaBH, « 2NaH + B + 3H Tdes, 1ba— 405C
DH = -88 kJ/mol H, 7.9 wt.%

2NaBH, + MgH, « 2NaH + MgB + 4H, Tges, 10a— 350C
DH = -64 kJ/mol H, 7.8 wt.%

And for the reactive hydride composites,

Ca(BH;), + MgH, « CaH, + MgB, + 4H; Tdes, 10a— 350C
DH =-20-30 kJ/mol K 8.3 wt.%

2LiBH4 + MgH,; «  2LiH + MgB; + 4H, Taes, 10a—= 350C
DH = -64 kJ/mol H, 11.5 wt.%

It remains to be seen if all these different commatsuwill form or continue to form at these low
temperatures.

3.1.1 Summary Mg-based storage compounds:

High gravimetric storage capacity, up to 7.6 wtBblg

More hydrogenation cycles possible

Slow absorption and desorption kinetics

Unfavourable thermodynamics for mobile applicati¢figh desorption temperature)
A lot of research performed but no reversible Mgdzhhydride with lowbH and high
wt.% has been found
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4.  New light-weight hydrogen storage compounds

4.1 Complex hydrides

4.1.1 Introduction

A novel category of hydrogen storage materialstheslow weight complex metal hydrides.
Alanates [AlH], amides [NH] ", imides and borohydrides [BH are interesting as potential hy-
drogen storage system due to their high storagactégs. They suffer from the drawback that
their applicability is limited by both kinetic arthermodynamic properties. Furthermore, the
hydrogen absorption and desorption reactions oiadds and borohydrides is a two step process
which complicates the cyclic process.

4.1.2 MgaXHy

Mg based compounds with a (3tomplex that are also considered as interestingydrogen
storage applications are Mydj, Mg>Co and MgFe. In contrast to MgHthe hydrogen in the
Mg.XH, hydrides is located around the transition metairatMgNiH,4 (3.6 wt.%), MgCoHs
(4.5 wt.%) and MgFeH; (5.5 wt.%) show a relatively high hydrogen storagpacity, are inex-
pensive, light weight and low-toxicity. Mi reacts with hydrogen and transforms into the
Mg2NiH, complex hydride phase. The dehydrogenation teryrerat 2.5 bar is around 28D
300°C which is better than for the pure Mg, howeverltve storage capacity is a limitation for
on-board storage, see

Table A.6. It turns out that the microstructureygla dominant role on the hydrogenation prop-
erties of this type of metal hydride. (Abdellao2006; Abdellaoui, Cracco& PercheronGuegan,
1998; Aymard, 1997; Han, Goo& Lee, 2003; Hausserm&tomqvist& Noreus, 2002; Orimo,
Fujii, 2001; Orimo, Fujii, 1998; Zaluska, 1995; dska, Zaluski& Strom-Olsen, 1999a;
Zaluska, Zaluski& Strom-Olsen, 1999b; Zaluska, 2ki& Strém-Olsen, 2001a; Zhu, 2006).
The MgFeH;-MgH, system is considered by Reiggral and Bogdanoviet al. (Bogdanovic,
2002; Reiser, Bogdanovic& Schlichte, 2000).

Mg doped with Ni and MgCoHs is stable up to 800 cycles (Reiser, Bogdanovic&liSte,
2000). MgCoHs (and MgFeH) is an interesting system since Mg and Co (ordeefot form a
single alloy phase and thus material transportspéayimportant role. Mgib wt.% V is stable
up to 2000 cycles and MgH+ 0.2 mol% CjO; is examined up to 1000 cycles (Dehouche,
2000; Dehouche, 2002). It is reported that afté€¥04Bydrogenation cycles the kinetics of Mg-2
at.% Ni decrease without a change in hydrogen d@gp@&ciedimeier, 1995).

4.2 Alanates

4.2.1 NaAlH,4

NaAlH, (7.4 wt.%) by itself is an irreversible storagetenal with slow kinetics. Upon the ad-
dition of an appropriate catalyst (transition oreraarth metal) hydrogenation becomes a re-
versible process resulting in a hydrogen storagematy of up to 5.6 wt.% (Bogdanovic,
Scwickardi, 1997) (Bogdanovic, 2000b). To improke teversibility and hydrogenation kinet-
ics most often titanium based compounds (Jji@te used which show the best kinetics in com-
bination with the highest hydrogen storage capadityton, 2003; Bogdanovic, 2000a; Gross,
Majzoub& Spangler, 2003; Sandrock, 2002; Sandr@igss& Thomas, 2002). The tempera-
ture, pressure, kinetics, cycle stability and maximweight percentage of some Na based stor-
age materials are shown in

Table A.7.
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Grosset al. (Gross, 2007) showed stable capacities and hydatige/dehydrogenation rates
for 116 cycles with a TiGldoping. Also the amount of released hydrogen foFi-doped
NaAlH, is much larger (50 times) as compared to un-dopesiH, (Sun, 2003). Today’s re-
search is more focussed on i@t Ti-colloids. Ti-based compounds improve the rogeéna-
tion behavior and cycle stability of sodium alasaed it has been suggested that it plays a role
in the material transport during hydrogenation {(8bhBogdanovic& Felderhoff, 2004). The
International Energy Agency (IEA) (Hydrogen Implemting Agreement — Hydrogen produc-
tion and storage) reports that the hydrogenatioetids and reversibility are improved by the
addition of a Ti catalyst and the working mechanathis catalyst is “nearly” understood. By
reducing the grain size and increasing the defeattsire by for example ball milling the kinet-
ics can be further improved (Huot, 1999a; Kirchigchtner, 2005; Sandrock, Gross& Thomas,
2002; Thomas, 2002; Wang, Jensen, 2004). The hgdedigpn process takes place according to
the two reactions,

3NaAlH, (7.4 wt.%) NaAlHg+ 2Al + 3H, 3.7 wt.% H release
NaAlHg (5.9 wt.%) 3NaH + Al + 3/2H 2.96 wt.% H release

The heat release during hydrogenation is a seimaitation causing a change in microstructure
of the compound (Sandrock, 2002). Furthermore afidhe hydrogen is released, some hydro-
gen remains in the form of NaH and can only beas#d at temperatures higher than°@25
which is clearly too high for practical applicat®nrhis means that NaAlHannot meet the
storage targets with only a reversible hydrogemag® capacity of 4-5 wt.%. MgAl}suffers
from irreversibility and the applicability of MgAlHas storage material is unlikely. Many re-
search problems need to be solved before thesatetaare suited for storage applications, if at
all.

4.2.2 LiAIH4; and KAIH,

Although lithium alanates would be a very intemggtcompound for hydrogen storage (10.5
wt.% and 11.2 wt.% for LiAlj and LiAIHg, respectively) their high equilibrium pressure
makes them instable hydrides, which decompose nagriglly and cannot be hydrogenated eas-
ily (Zaluski, Zaluska& Strom-Olsen, 1999). The dgdimn reaction (at temperatures between
160°C and 200C) of LiAIH,4 is comparable with that of NaAlHand also occurs in a two step

process:
3LIAIH, LisAlHg+ 2Al + 3H, 5.3 wt.% H release
LisAlHg  3LiH +Al + 3/2H, 5.6 wt.% H release

To release the hydrogen from LiH, 68Dis required (Zaluski, Zaluska& Strom-Olsen, 1999)
The reversible hydrogen decomposition of KAlHas been investigated by Morioka al.
(Morioka, 2003). The hydrogen storage capacity tbwas above 3.5 wt.% at a hydrogen pres-
sure of 10 bar and a temperature of Z5330°C, see

Table A.8. The reversible reaction proceeds wittemdition of a catalyst, which is different
from the reactions of NaAlHand LiAlH,.

4.2.3 Summary alanates storage compounds:

Effective hydrogen storage capacity 5.6 wt.% (hgerorelease)

Relative low desorption temperature (< 16D

Desorption is a 2 step process which complicatesebeneration process
Kinetically hindered process for Na and Mg— a gatiails required (TiQ)
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4.3 Lithium nitrides

The use of lithium and beryllium in alloys and caupds is very attractive due to their low
atomic weight. However, beryllium and many of itsrpounds are very toxic which implies
that scale controlled hydrogen storage is a pd#gibut small scale on-board and accident sen-
sitive applications are not recommended (GrocHatlyards, 2004; Zaluska, Zaluski& Strém-
Olsen, 2000). In contrast, hydrogen storage irsgtstem LiN - LioNH - LiNH, is an attractive
option with a hydrogen storage capacity of 10.4wméccording to the two step reaction (Chen,
2002),

LisN+2H, Li,NH + LiH+H,  LiNH+2LiH 10.4 wt.% H storage

The first step has an enthalpy of formation of -kdghol* and the second step has an enthalpy
of formation of -44.5 kJmdl Therefore only the second step from lithium imiddithium am-

ide is the most interesting for hydrogen storage, s

Table A.9.

It is reported that the addition of the catalysCIfihas two important effects namely suppress-
ing the formation of Nkland improving the hydrogenation kinetics (Ichika®@04). Also LiH
limits the formation of NH during dehydrogenation (Hu, Ruckenstein, 2003k iftajor limita-
tion of this system is the irreversibility. Ichikawt al. showed that a mixture of LiH and LiNH
doped with TiC} can release 6 wt.% of hydrogen by reaction 2 entdmperature range from
150°C - 250C, however the H-desorption equilibrium pressur@.isMPa at 25TC. A compa-
rable system with a potential for on-board storageplications is Li-Mg-N-H
(8LiIH+3Mg(NH,),  4Li,NH+MgsN,+8H,) which can desorb 7 wt.%,tht 120-200C with an
equilibrium pressure of >5 MPa at 2Q0(Ichikawa, 2006).

4.3.1 Summary lithium amide — lithium imide storage compounds:

High gravimetric storage capacity of 10.4 wt.%
Multiple hydrogenation reactions

High desorption temperature

Multiple cycles possible?

R&D phase

4.4  Borohydrides

Complex boron hydrides can store large amounts/dfdgen for example LiBI(0.68 g/cri)
has a hydrogen storage capacity of 18.4 wt.% amdlametric hydrogen density of 121 kg
H./m® (Fakioglu, Yurimé& Veziroglu, 2004). The LiBthydride, see Figure 4.1, is difficult to
synthesize even at elevated temperatures and héglsypes (up to 350 bar and 80D (Ziittel,
2003c; zittel, 2003d), see Table A.10. The formmatd LiBH, is kinetically hindered despite
the large thermodynamic driving force. In contr@smost other complex hydrides the lithium
boron hydride is an expensive storage compoundhatiould be kept in mind for large scale
applications.
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Figure 4.1 Example of a complex boron based hydride in thi®daBH, (Li big green, BH
bue-red tetrahedra).

The main limitation of boron hydrides is that theag very stable, e.g. LiBfbtarts to decom-
pose thermally above 320 with the major desorption between 400and 600C and not al the
hydrogen is released during desorption (Stasineviigorenko, 1968) (Fedneva, Alpatova,
1964) (zuttel, 2003b) (Orimo, 2006). Ziutedl al. indicated that the desorption temperature can
be lowered to 10 with the main hydrogen desorption (13.5 wt.%)uaib 200C by adding
SiO,-powder. Another undesired effect is the formatdroranes (BH,) during the dehydro-
gation process which can severely damage downstsgatams like fuel cells.

Metal borohydrides dehydrogenate by different lieacsteps and temperature regimes and are
in general too stable. At low temperatures, on8/\Wt.% of hydrogen is released. 13.5 wt.% of
hydrogen is released at higher temperatures andt#b remains in the form of LiH in case of
lithium borohydride. LiBH can be reversibly store 8-10 wt.% hydrogen at tmatpires of
315°C - 400C by addition of MgH including 2-3 mol% TiG. Furthermore, MgBstabilizes

the dehydrogenated state and destabilizes the J@khpound as indicated previously (Vajo,
Skeith& Mertens, 2005) (COSY workshop may 10 20C&&hacht — M. Dornheim Depart-
ment of Nanotechnology, institute for materials &&gsh GKSS Research Center Geesthacht).
The mechanism is based on the formation of metatié® (MgB, AlB,), possibly in combina-
tion with lithium compounds (EBn, LigsMgo7) to decrease the desorption enthalpy. The reac-
tion enthalpies can be lowered by 10-25 kJ/mgl¢drresponding to a decrease of desorption
temperature by 13€-200°C). An additional substitution of suited catalyst lower the de-
composition temperature even more. Research oregiegp like structure, stability and hydro-
gen diffusion are investigated by Zutetlal. (Zittel, Borgschulte& Orimo, 2007). The heat of
formation of complex hydrides is not necessarilghhifor example for Al(B)s;. This com-
pound already decomposes below room temperaturetiah it is liquid), it can contain 17
wt.% and 150 kg/fhof hydrogen and has a melting point of %65 Although this seems an at-
tractive compound for hydrogen storage, not muskaeh has been done on this compound so
far (Zuttel, Borgschulte& Orimo, 2007).
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4.5

In addition to the previous mentioned reactive meyarides, Nakamorét al. investigated the
dehydrogenation reactions of the mixtures metalridgd LiBH, + 2LiNH, and LiAIH, +
2LINH:

LiBH,+ 2LINH,  LisBN, +4H,
LIAIH 4 + 2LINH,  LizAIN; + 4H,

The theoretical gravimetric hydrogen desorptiores .9 wt.% and 9.6 wt.% respectively. Ex-
perimentally for the hydrogen desorption 7.9-9.5%wviand 4.1 wt.% are found. By mixing
LiBH, with LiNH,, the desorption temperature is reduced by 150 &yDrogenation of Li-
AlH, is exothermic, however when mixed with LiMithe dehydrogenation changes to endo-
thermic, the stability of the dehydrogenation cosphydrides can be controlled by mixing.
This mixing of hydrides can play a very importaoterin future development of hydrogen stor-
age applications like for on-board use (Nakamdi6b). An interesting observation is done by
Nakamoriet al. who indicate that the Pauling electronegativitybfin M(BH4), M = Mg, Sc,

Zr, Ti and Zn; n = 2-4) is an important paramekat idetermines the desorption temperature for
complex hydrides with high storage capacities (Mada, 2006a).

Summary intermetallic storage compounds:
High gravimetric storage capacity up to 18.5 wt.%
Desorption is a 2 step process — more cycles deS8sib
High hydrogen desorption temperature ( >Z50
For hydrogen absorption — desorption cycles & Tédalyst is required
Valuable metal hydrides (preparation and energgeoption)

Boranes

As last materials discussed here for hydrogen géoaae the boranes NBH,, with n from 1 to

4 (source: MRS Bulletin volume 33, The Hydrogen IRAlgernative, G.W. Crabtree and M.S.
Dresselhaus). In boranes the metal cation is refglay an ammonium ion. This has the result
of 4 more hydrogen atoms in the unit formula whiesults in a 24 wt.% storage capacity.
However, the total amount of hydrogen is not intstaeously available but at different tempera-
ture regimes. It is indicated that confining bomaiea nanoporous scaffold reduces its decom-
position temperature, improves kinetics and suga®sindesirable decomposition products.
This system has a severe drawback; the reversiblearging is not yet possible.
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5.1

5.  Conclusions metal-hydride storage systems

From literature and recent review publicationssibbvious that of all known hydride forming
compounds and hydrogen carriers today, none of thesimafy the posed targets for on-board
hydrogen storage simultaneously, see table TahlésS.posed by the US Department of Energy
(FreedomCAR/DOE), Japan and International Energgngg (IEA)). One has to keep in mind
that the posed targets are based on the curréns stithe automotive industry.

Table 5.1 Selected k- storage system and media targets for fuel elloles

Property Units 2010 2007 2006
USA Japan IEA*
System density (by weight) wt.%H 6 3 -
System density (by volume)  kgpih® 45 - -
System cost US$/kgH 133 - -
Refuelling time minutes 3 - -
Medium density (by weight)  wt.% H - 55 5.0
H, liberation temperature °C - 150 80

* 500 km range = ca. 5-13 kg storegl H

* |EA HIA Task 17

(Source: International Energy Agency, Hydrogen kenmkntation Agreement: Hydrogen Pro-
duction and Storage, R&D Priorities and Gaps)

In this report the stated targets for on-board bgdn storage are discussed and an overview of
the current status of the most promising solidessébrage materials is given. Below the conclu-
sions are given with respect to the different hgero storage materials. The conclusions are
subdivided into the conclusions drawn by authorsenferal review articles (conclusions from
the concerned articles) and from the authors efréport.

Conclusions from review papers

Conclusions (Grochala, Edwards, 2004)

It is concluded that the metal hydrides know totlaye or a low decomposition temperature
and the hydrogenation process is irreversible ermtetal hydride has a high decomposition
temperature but the hydrogen absorption and desaorptocess is reversible. These authors are
sceptical about the hydrogen storage materialig ib be a binary or ternary hydride only. It is
indicated that the catalysis of the hydrogen alismr@and desorption process and preparation of
the metal hydride will play a very important rofethe success of a metal hydride storage sys-
tem.

Conclusions IEA Hydrogen Implementing Agreemenyerétien Production and Storage R&D
Priorities and Gaps

The R&D issues for hydrogen storage for the gasdimusd and solid hydrogen storage are the
following.

Gaseous HKHStorage:

Status: Commercially available, but costly.

Best option:  C-fibre composite vessels (6-10 wt%at 350-700 bar).

R&D issues:  Fracture mechanics, safety, compressiengy, and reduction of volume.

Liquid H, Storage:

Status: Commercially available, but costly.

Best option:  Cryogenic insulated dewars (ca. 28w, at 1 bar and -253C).
R&D issues:  High liquefaction energy, dormant lwff| and safety.
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Solid H; Storage:

Status: Very early development (many R&D quesiions

Best option:  Too early to determine. Many potdraj@ions: Rechargeable hydrides, chemi-
cal hydrides (HO & thermally reactive), carbon, and other highface area
materials. Most-developed option: Metal hydridestéptial for > 8 wt.% H
and > 90 kg/m3 Kstorage capacities at 10-60 bar).

R&D issues:  Weight, lower desorption temperatutdgher desorption kinetics, recharge
time and pressure, heat management, cost, pyrajipieycle life, container
compatibility and optimisation.

Conclusions (Schith, Bogdanovic& Felderhoff, 2004)

It is indicated that during the last years a lasgecess have been achieved in the reversible
storage of hydrogen in complex metal hydrides. Sofrthem like the doped sodium alanates
are approaching the targets that are posed fonidhapplications. However, the realistic stor-
age capacities reached nowadays do not exceed/a Wwirthermore for sufficient quick rehy-
drogenation the targets are too severe. Even tis pnomising system today (NaAjHwill not
meet the targets as formulated by the various @gtons and industrial companies. R&D has
to be continued to find new materials with improvsdrogenation properties. A possible direc-
tion will be the further development of the borgmtides or lithium imide systems.

Conclusions (Van den Berg, Arean, 2008).

For the review of the state of the art hydrogemagie materials it is concluded that no materials
tested so far meet the ideal requirements for arebbydrogen storage. For applications that do
not need to satisfy all of the targets like statignapplications, some of the hydrogen storage
systems may be suited. However, it should be meetidhat there is still room for further im-
provements based on gained basic knowledge antigalaexperience. There seems room for
performance improvement by working on the thermaayics and kinetics of metal hydride
storage systems. An early screening of destabjjimactions is of significant importance and in
the search for less stable metal hydrides. Furtbexnihere is need to improve the knowledge
about the basic mechanisms of different catalysts.

Conclusion (Sakintuna, Lamari-Darkrimé& Hirscher,@0).
Although several studies report promising resuks improved hydrogenation kinetics and
lower decomposition temperatures it is concluded for all known materials today that they
are still far from meeting the stated targets forboard hydrogen storage. Further research is
required for developing new materials that cansatihe requirements for on-board applica-
tions. Technical improvements in vehicle desigrstay integration and cost efficiency will de-
termine the on-board applicability of the hydrogsorage material.

Intermetallic compounds:
These compounds do not meet the required targetadbile applications due to their low stor-
age capacities of roughly 2 wt.% and relativelyhhcosts,.

Mg-based metal hydrides:
Although Mg has a high storage capacity and isvargble metal hydride, the high de hydro-
genation temperature and slow kinetics limit thactical use for on-board hydrogen storage
applications. Although much effort has been donddorease the decomposition temperature,
enhance the kinetics and cycle life by using apatg catalysts and production methods the
results indicate that additional research needetddne for optimization of the hydrogenation
parameter.

Complex metal hydrides:
Although the theoretical storage capacity of comphetal hydrides is generally high, there is a
large difference between the theoretical storagadty and the practical attainable storage ca-
pacity. Furthermore, the stepped reaction, reviitgitand slow kinetics are severe limitations
on the hydrogen storage performance and needittvestigated further.
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5.2

General conclusions of the authors

One of the key issues in the realization of a hgdrobased society is the appropriate storage of
hydrogen especially for on-board applications. Tiest mature techniques today are the stor-
age of hydrogen under high pressure and as cryotjigoid. The implementation of these tech-
niques also requires considering safety issuedersystorage capacity, large energy penalty
upon production and further technical developméR&D). Since there is a large energy loss
involved in the compression and liquefaction of foggen, solids, and especially metal hydrides
are very interesting as hydrogen storage matédrias. is supported by the fact that other storage
techniques as mentioned in the introduction atkistia very early R&D stage. The different
types of storage metals and alloys discussed srdport are compared in Figure 5.1. For a
suitable hydrogen storage material or techniquevesr@s to be in the upper right corner of the
figure which is indicated in red. From this figuree can get the idea that there are indeed mate-
rials that are interesting for on-board storage satikfy (some of) the posed targets. However
when one plots for example the gravimetric storeggacity versus desorption temperature (at
approximately one bar desorption pressure) ther@atr many candidates qualifying, see Figure
5.2. NaAlH4 seems to be satisfying the targets;ev@w this is the theoretical storage capacity
and not the practical storage capacity.

Figure 5.1 Volumetric and gravimetric hydrogen density of s@akected hydrides. MigeHs
shows the highest known volumetric hydrogen dens$ify0 kgn®, which is more
than double that of liquid hydrogen. BaRelhs the largest H/M ratio of 4.5, i.e.
4.5 hydrogen atoms per metal atom. LiBExhibits the highest gravimetric
hydrogen density of 18 mass%. Pressurized gasgaasashown for steel (tensile
strengths, = 460 MPa, density 6500Kg°) and a hypothetical composite material
(s, = 1500 MPa, density 3000 kg= 460 MPar) (Ziittel, 2003a).
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Figure 5.2 Gravimetric storage capacity versus the desorptemperature (around 1 bar).
From this figure it is obvious that many metal hglds have too high hydrogen
desorption temperature for practical applications.

A short overview of the different types of metaldhige storage systems is given here with
some general conclusions. For the classical intidlieehydrides such as for example LaMi

is obvious that although they have a high vol.%acity, good hydrogenation kinetics, thermo-

dynamics and cyclability, they suffer from the féwat the gravimetric hydrogen storage capac-
ity of 1 — 4 wt.% is too low for on-board hydrogsiorage.

Although Mg-based hydrides are very promising cdatis for on-board hydrogen storage due
to their high reversible hydrogen storage capaaity.6 wt%, they have some severe limita-

tions. These types of metal hydrides suffer froowskinetics and high hydrogen desorption

temperatures. This makes them unfavourable foraamebhydrogen storage. The extensive re-
search on the addition of other elements to Mgmegaration techniques to enhance the kinet-
ics and decrease the decomposition temperaturadatidesult so far in an applicable storage
material. Further research is required to obtainddmpounds with desired properties for on-

board applications.

Alanates form an interesting hydrogen storage systéth a maximal storage capacity of 5.6
wt.%. If they are doped with a proper catalyst they approaching the targets for on-board hy-
drogen storage. For example, the hydrogen desarfgioperature can be reduced to values be-
low 150°C. However the kinetics are still sluggish andtie-step decomposition reaction can
have a detrimental influence on the regeneratidhisfmetal hydride compound.

During the last years the attention on Li baseddstceramics as a hydrogen storage system has
increased due to the high storage capacity. Edpetti@ step from lithium amide (LiNE to
lithium imide (Li,NH) is the most interesting one due to the entlealpif formation involved.
Also in this case, further research should inditete the multiple reaction process influences
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the hydrogen absorption and desorption cycles. diditianal point of interest is the rather high
desorption temperature, which needs to be decrdased-board applications.

Borohydrides M(BH), are very interesting as on-board hydrogen stonaggerial due to their
very high gravimetric hydrogen storage capacityrdBgdrides composed of calcium, lithium
and magnesium are considered to be the most prgnalithough R&D is still in an early stage.
For future applications, the high desorption terapee, the cycleability (SiOcatalyst is re-
quired and not understood as yet), slow kineties,development of diborane during dehydro-
genation and the high costs (material and produgii@cess) of these hydrides are possible
show stoppers.

Considering the results that have been achieveiigitine past years, it is expected that new
hydrogen storage materials will be developed wigigh better suitable for on-board hydrogen

storage. However, at this moment there is no hyelr@jorage system that meets all the targets
simultaneously, or is efficiently used in pilot amtotive applications. Considering the current

gap between the targets and the present stathe afifferent storage materials it is very ques-

tionable if the posed targets for 2010 will be ropettime. Despite a huge research effort, Mg

compounds are still no suitable btorage material and the development potentiebisidered

to be low. One can think of the optimization of theron based hydrides and the Li based hy-
drides.

From current literature it is obvious that certegésearch areas, which are of major importance
for future applications, are hardly explored angestigated. For example it is well recognized
that catalysts plays a vital role in the feasipilif hydrogen storage in metallic compounds.
However, their exact working mechanism is oftennown, often it is not exactly know which
type and quantity of catalyst can be used to oliterbest performance and the research is often
based on trial and error. Therefore it is of utmigiortance to address the working principle of
the catalyst used in the different compounds. Sother fields that require attention for the ac-
tual application of metal hydrides for on-board togen storage are indicated in the following.

During the last years some publications appeareth@meat development and management of
metal hydride reaction beds and hydride reactois.dtressed that the exothermic reaction dur-
ing hydrogen absorption and the endothermic reaatioing desorption have a large influence

on the overall performance of the storage matendl reactor. Although this is an aspect which

is more related to engineering, it is of great imigoce to develop and design a practical hydro-
gen storage tank for mobile applications, in whielat exchangers play a pivotal role.

An other aspect is the purity of the used hydrogas Hydrogen can be produced by several
techniques: electrolysis of water (nuclear, rendgjatobnventional electricity), reforming proc-
esses (natural gas, coal, oil, diesel, and bionssssome new/future techniques (photoelectri-
cal, photobiological, thermal dissociation). Theltogen produced by these techniques requires
purification, which impacts the economical feasipil Therefore in practical applications the
hydrogen is not expected to be of very high pueyN) and thus the storage materials need to
be insensitive to these impurities. The effectad gnpurities (KO, GHy, H,S, etc.) on the hy-
drogen storage capacity and the catalyst is oftérconsidered as most research is performed
under laboratory-conditions. This implies smalllecaxperiments under idealized conditions,
no contaminations, and identical hydrogenation erpents, small amounts of materials, etc.
Therefore it is interesting to investigate the naegbal stability, chemical stability, thermal
conductivity and cycle life, because real life émgtions will operate under non-idealized con-
ditions. Also the tolerance to impurities and comtaations, the adsorption/desorption kinetics
under these conditions are properties that neeé twnsidered. In this context it is important to
realize that in most research only the maximumagf@rcapacity is reported and not the reversi-
ble hydrogen storage capacity, which is in generalmawer.
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To prevent pollution of the storage material one ttank of “smart” nanofilms to protect the
metal hydrides against air and moisture and atsHrae time permitting hydrogen transport
through these permeable films. These layers caobwrised of polyelectrolyte layers and can
be deposited on planar surfaces and colloidal ghestias described by T. Dobbies al.
(Dobbins, Kamineni& Lvov, 2007). However the pertoidity’s of these layers for i O, and
H,O are still under investigation. In thin film resela often a Pd caplayer is used to improve
hydrogen absorption and protect the film from okimta and contamination. Also alloys of Pd
and Ag or Cu have been investigated with promigingperties upon contamination. Another
possibility to protect the storage material is ¢atcthe outer surface with a stable oxide which is
penetrable for hydrogen but protects the storageeniah Here the addition of a catalyst is re-
quired because the hydrogen dissociation on ox&gasgeneral an activated process which re-
quires elevated temperatures. Other protection arésins and coatings should be developed
for real-life applications.
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6.1

0. Recommendations

Although at the moment hydrogen storage is a fiéldesearch which is characterized by physi-

cal and chemical limitations and energy penalgffgient storage of hydrogen is one of the key

issues for the success of a hydrogen based ecordnisyis especially the case for the automo-
tive industry. Although the storage materials nameid in the previous sections do not meet the
hydrogen storage targets, quite some progressdesbade in recent years. However, to ob-
tain a suited hydrogen storage system, some megakthroughs in material research and tech-
nical development have to be achieved. A possiiléercan be via the combination of different

types of hydrides to destabilize the formed hydgpti@ses. In this case the multiple reactions
can limit the reversibility of the system undereafed hydrogen absorption and desorption. In
addition, it is concluded that R&D should focus tbe development of a suitable catalyst, the
destabilization of the hydride and the preparagimtess of the metal hydride.

Combinatorial research and high throughput screening

Although a number of metal hydrides are highlightedhis report, other and more advanced
compounds have to be developed to meet the regemtsnfior on-board storage. Since the indi-
vidual scanning of compounds is a time (and effothsuming process, a high throughput
combinatorial research approach is desired. Thie Idesa behind combinatorial research is the
scanning of a large number of different compouridsianeously, which are prepared under
the same conditions. In material research thisnglaknown technique to obtain functional ma-
terials in an efficient manner (Fearn, 2006; Hane%70; Koinuma, Takeuchi, 2004; Zhao,
2006). Although combinatorial high throughput scieg is used in material research, it is
rarely encountered in the search for appropriatiédgen storage compounds. Some examples
are the Rapid Throughput Facility set-up as repgortey B. David (source:
http://www.eurekamagazine.co.uk/article/11699/Hypno-storage-goal-in-sight.agpx

Within the DOE Hydrogen Program a few Combinatbeiggh Throughput Screening techniques
are mentioned (FY2007):

- Combinatorial Synthesis and High Throughput Scregrof Effective Catalysts for
Chemical Hydrides, by J. Melman, project ID # STPIis research is focused on the
determination of suited catalysts for the J®H; dehydrogenation process.

Discovery and Development of Metal Hydrides for Beible On-board Storage, by E.
Ronnebro, project ID # ST15. In this project thecdivery of new complex hydride ma-
terials is the main goal. First principles calcidas are combined with several experi-
mental techniques.

Lightweight Intermetallics for Hydrogen Storage, by Andrus, project ID # ST16.
The objective of this project is to discover andealep storgage materials with a storage
capacity of over 6 wt.% and capable of meting threeBomCAR/DOE targets of 2010,
mainly based on Mg(Bh.

High Throughput Combinatorial Chemistry DevelopmehtComplex Hydrides, by D.
Kundaliya, project ID # STP 25. In this project theal is by using high-throughput
combinatorial technique identifying and synthesyamovel metal hydride systems. Here
the combinatorial ion beam sputtering techniquesisd for the synthesis of metal hy-
dride catalysts. The high throughput screeningeisgpmed by applying optical tech-
niques on thin films.

Discovery of Novel Complex Metal Hydrides for Hyden Storage through Molecular
Modeling and Combinatorial Methods, by G.J. Lewisject ID # ST12. This project is
aimed at the discovery of complex metal hydrided thill meet the DOE 2010 goals.
This will be done by Molecular Modeling and comhoréal methods.

New hydrogen storage materials require approphgtitogenation thermodynamics and kinet-
ics and the investigation of each individual matei$ time consuming. One promising tech-
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6.2

nigue to perform a high throughput combinatoriaksaing of materials is discussed here and it
is developed at the Vrije Universiteit Amsterdariezthhydrogenography. The method is based
on the fact that metals change their optical agpear upon hydrogen absorption. On large sur-
face substrates a thin film of a compositional gradof different metals is deposited. Since the
local transmission is related to the local hydrogencentration of the film, one is able to moni-

tor in a simple optical set up, the rate of locgditogen uptake. From this one is able to con-
struct pressure composition isotherms for the diffecompositions at the same time for the dif-
ferent compositions. Thus for many compositionskég thermodynamic properties (enthalpy

and entropy) and kinetics of hydride formation t@ndetermined simultaneously (Dam, 2007;

Gremaud, 2006; Gremaud, 2007b; Gremaud, 2007a).

Besides the development of new storage materiaithefr technical improvements in the auto-
motive industry are required. This implies smarhigke design and system integration which
leads to smaller, lighter and more efficient ca&tewever, this also requires a change in peo-
ple’s attitude towards mobility and transport. Téfere a matching of the specific storage mate-
rial and application is of extreme importance iis tftage of R&D. Another equally important
issue is the choice of storage material relatati¢anobile application in conjunction with get-
ting hands-on experience in the storage-tracti@inchearly markets that do not need the severe
targets as formulated for instance by DoE: heavy dahicles in foresting industries, fork lifts
in warehouses, airports etc must have a low lyergre of gravity which means the gravimetric
hydrogen storage density does not play an importet These niches are playing fields for
combined hydrogen storage-PEMFC introduction. Oare &lso argue that as opposed to the
USA, Europe has a very dense refuelling networkctvidoes not ask for extreme driving
ranges. In this respect light so-called city caesaso a very attractive early market. Further-
more, hydrides which are not directly suited forbmard hydrogen storage may be suited for
stationary applications. This can be integratedh wiher (industrial) processes where waste heat
can be used for the endothermic desorption proaedsvice versa. From this point of view it
will be very important to estimate the suitabildf/a certain metal hydride for a specific appli-
cation and not only focus on pushing the metal iolgdsystem towards the maximum storage
capacity.

Goals for on-board hydrogen storage

Currently there are two types of (demonstrationjrbgen powered vehicles, namely fuel cell
and internal combustion based. These cars, vandasgkes as currently running in different
demonstration programmes use two types of hydregmiage, high pressure hydrogen gas and
cryogenic liquid hydrogen. Although the productignocess of high pressure gas and cryogenic
liquid are energy consuming, these techniques &etipal and most mature nowadays, where
more and more car manufacturers focus on high prestorage tanks. Since the posed storage
targets for storage capacity (driving range), hgdroabsorption rate (tanking time), hydrogen
desorption rate (maximal power) and heat developro@mnot be met simultaneously by solid
state storage techniques, we will give here someiderations to develop acceptable solid state
storage systems.

From the data presented in this report it is obwithat there is a considerable gap between the
posed on-board hydrogen storage targets and tbalgsrformance of today’s used hydrogen
storage systems. However these are based on ttenicatatus of the automobile industry and
existing infrastructure. To avoid discarding suléaktorage materials by comparing their prop-
erties with the targets, one can consider the viollg scenario. Since the success of a storage
material is also determined by the availabilityefuelling stations, it is recommended to start a
pilot introduction in densely populated areas @argties) where the drive distances are short.
This “local use” will result in a considerable dease in the required amount of on-board stored
hydrogen. Furthermore, the hydrogen absorption (driging range) and hydrogen desorption
rate (max power/speed) can also be reduced irtélsis. This favourable effect can be increased
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by also making the cars smaller, lighter and mdfieient, which is in contrast to the currently
used large and heavy (SUV) vehicles in cities.

The high heat evolution upon refuelling using agd§on processes can at present only be ac-
commodated to comply with the public acceptancenathedrogen storage modules can be ex-
changed as a whole at the refuelling station.

Since this report is focussed only on the intrifsidrogen storage properties of solid state stor-
age systems, a market study on driving range,iefficutilization and infrastructure is not in-
corporated and a specific market study should e defore starting a (local) pilot application.
Nevertheless there already clear niche marketsvfoch different targets can be met. These
would greatly enhance hands-on experience in hygirolgiven PEMFC powered vehicles.
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Appendix A

Annex XX of the IEA Implementing Agreement on Advanced RQells is being organized to
help the assessment and the commercializationebfckll technology by fostering information
exchanges between experts from different coungiiess organizations engaged in developing
fuel cell systems for transportation. As a resbélanced and objective information shall be
provided that improves private and public decisitovgards developing and implementing new

vehicle technologies.

The scope of the work plan the next five yearseigngéd in 4 main tasks, from these tasks a pri-
ority will be defined for execution until Decemt008. These main tasks are:

Task A:
Task B:
Task C:
Task D:

Advanced Fuel Cell Systems for transpimat
On board kktorage systems

Hydrogen infrastructure

Technology validation and economics

Within Task B, the following subtasks will be exém:
B1. Status update for on-board hydrogen systems
B2. Operating window and related targets for onfdctorage options
B3. Assessment of market readiness of storage ialater
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Appendix B

Metal hydrides and their properties

Note: The data presented in the tables below @leation of several review articles. The corre-

sponding references of which the data is obtaimedbe found in the respective review papers.

For clarity the individual references of each cimition is not given here.

Table A.1 Requirements for complex metal hydrides as relvlersiydrogen storage materials
for mobile application. Values are not strict thine¢ds and should be considered as
approximate. Variations depend on target applicatiend user philosophy, system
requirements and state of the art already reached.

Target

>6.5%

Dehydrogenation <3 h
Rehydrogenation <5 min
Rehydrogenation pressure <5 MPa
Equilibrium pressure Around 0.1 MPa near room teraijpee
Cycle stability >500
Memory effect (i.e. loss of storage capacity No memory effect
upon incomplete de- or rehydrogenation)

Price ~100 euro kg H,)
(Source: (Schiith, Bogdanovic& Felderhoff, 2004))

Property

Gravimetric and Volumetric storage density
De/rehydrogenation kinetics

Table A.2 FreedomCAR/DOE Hydrogen Storage System Targets

b,

DOE Technical Targets: On-Board Hydrogen Storage &yem; )

Storage Parameter Units 2007~ 2010 2015
Usable, specific- KW h/k 15 2 3

g
energy from H (Wt.% hydrogen) (4.5%) (6%) (9%)

(net useful en-

ergy/max system
d

mass) (“Gravimet-
ric Capacity”)

Usable energy den- KWh/L 1.2 15 2.7
sity from H, (net (kg H,/L) (0.036) (0.045) (0.081)
useful energy/max
system volume)

(“Volumetric Ca-
pacity”)

Storage system cc $/KWh net 6 4 2
© ($/kg H) (200) (133) (67)

Fuel cost $ per gallon gaso- 3 1.5* 1.5*

line equivalent at
pump

Operating ambient °C -20/50 (sun) -30/50 (sun) -40/60 (sun)
temperaturge

Cycle life (1/4 tanl Cycles 500 1000 1500

h
to full)
ECN-E--08-043 45



. .

cycle life variation g gi?%g:ég) ( N/A 90/90 99/90
0

Minimum and °C -20/85 -30/85 -40/85

Maximum delivery

temperature of K

from tank
Minimum full-flow (g/s)/lkw 0.02 0.02 0.02
rate
Minimum delivery Atm (abs) 8 FC 4 FC 3FC
pressure of Lfrom 10 ICE 35ICE 35ICE
tank; FC=fuel cell,
I=ICE

Maximum deliv- Atm (abs) 100 100 100
ery pressure of H
from tanll<

Transient re- S 1.75 0.75 0.5

sponse 10%-90%
k
and 0%-0%

Start time to full- S 4 4 0.5
|
flow at 20°C
Start time to full- S 8 8 2
flow at minimum
|
ambient
System Fill Time min 10 3 2.5
for 5-kg hydrogen
Loss of useable  (g/h)/kg H, stored 1 0.1 0.05
m
hydrogen
Permeation and Scc/h Federal enclosed-area safety-standard
n
leakage
Toxicity Meets or exceeds applicable standards
Safety Meets or exceeds applicable standards

Purity0 (H,from storage 98% (dry basis)

system)
(http://www1.eere.energy.gov/hydrogenandfuelcellsificcedomcar_targets_explanations)pdf

Footnotes to Table 1

* Note that some 2007 targets have been met withpcessed hydrogen and liquid hydrogen
tanks. These interim 2007 targets are primarilymaterials-based technologies such as solid-
state systems (e.g. complex metal hydrides) ord&(such as liquid chemical hydrides).

a

Based on the lower heating value of hydrogen aedtgr than 300-mile vehicle range; targets
are for complete system, including tank, matexialyes, regulators, piping, mounting brackets,
insulation, added cooling capacity, and/or othéarae-of-plant components.

b
Unless otherwise indicated, all targets are fohleternal combustion engine and for fuel cell
use, based on the low likelihood of power-plantc#pefuel being commercially viable.

Cc

Systems must be energy efficient. For reversibtesys, greater than 90% energy efficiency
for the energy delivered to the power plant frora @m-board storage system is required. For
systems regenerated off-board, the energy confehiechydrogen delivered to the automotive
power plant should be greater than 60% of the &argy input to the process, including the
input energy of hydrogen and any other fuel streBamgenerating process heat and electrical
energy. This is based on the DOE on-board targe0®§ efficiency and the DOE off-board en-
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ergy efficiency targets of 79% for hydrogen prodlifiem natural gas and 85% for well-to-tank
defficiency.

Generally the ‘full’ mass (including hydrogen) ised, for systems that gain weight, the high-
est mass during discharge is used.

e
2003 US$; total cost includes any component reptace if needed over 15 years or 150,000
mile life.

f

2001 USS$; includes off-board costs such as liquefaccompression, regeneration, etc; 2015
target based on Jporoduction cost of $1.50/gasoline gallon equivalantaxed (subject to
change based on DOE hydrogen production cost jarget
g Stated ambient temperature plus full solar loadaNmwable performance degradation from —
20C to 40C. Allowable degradation outside thesédiis TBD.

h
Equivalent to 100,000; 200,000; and 300,000 mispectively (current gasoline tank spec).
i All targets must be achieved at end of life.

] In the near term, the forecourt should be capabletivering 10,000 psi compressed hydro-

gen, liquid hydrogen, or chilled hydrogen (77 K)B800 psi. In the long term, it is anticipated

that delivery pressures will be reduced to betws@rand 150 atm for solid state storage sys-
Eems, based on today’s knowledge of sodium alanates

At operating temperature.
|
Flow must initiate within 25% of target time.

m
Total hydrogen lost from the storage system, inclgdeaked or vented hydrogen; relates to
loss of range.

n
Total hydrogen lost into the environmenttgs relates to hydrogen accumulation in enclosed

spaces. Storage system must comply with CSA/NGHYAdstrds for vehicular tanks. This in-
cludes any coating or enclosure that incorporéte®hvelope of the storage system.

o

For fuel cell systems, steady state levels less #flappb sulfur, 1 ppm carbon monoxide, 100
ppm carbon dioxide, 1 ppm ammonia, 100 ppm non-ametthydrocarbons on a C-1 basis; oxy-
gen, nitrogen and argon can't exceed 2%. Parteldatels must meet ISO standard 14687.
Some storage technologies may produce contamifanigich effects are unknown; these will
be addressed as more information becomes available.

Table A.3 Hydrogen Reactions of Selected Chemical Hydrides

Hydride/Reaction Type Reaction Conditions StorayEacity
(wt.%)
Lithium Hydride
Hydrolysis LiH LiH+H,O  LiOH+H, 7.7
Pyrolysis 2LIH Hy+2Li DH=132kJ/mol H @ Reaction yield H
825°C, @950C 13 wt.%
Regeneration 2Li+0 2LIH+Y Min. 0.67 V @ 356C,
H.+ % G @825C, 0.317 bars H
Magnesium Hydride
Hydrolysis MgH + 2H,0 4h for complete hy- Reaction yield H
Mg(OH), + 2H, drolysis wt.% ~6.3
Regeneration N/A 20h ball milling
Lithium Borohydride
Hydrolysis LiBH, + 4H,O LIOH 2.5 wt.% H combined 8.6
+ H;BO; + 4H, with organics
Regeneration (1) 3LiH + 4BF BH3+ N/A
3LiBF,
Regeneration (2) LiH+BH LiBH,
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Lithium Borohydride

Pyrolysis (1) LiBH  LiBHsx+ 1/2 @108C
(X)Hz
Pyrolysis (2) LiBH, “LIBH,” + @200C
Y5(1-x)H,
Pyrolysis (3) “LiBH" LiH+B+ @453C
1/2H,
Lithium Aluminum H y-
dride
Hydrolysis LiAIH, LiAIH ,+4H,0 7.3
LiIOH+AI(OH) 3+4H,
Pyrolysis (1) LiAIH,  LizAlHg + 2Al @160C 10.6
+ 3H,
Pyrolysis (2) LiAIHs  3LiH + Al + @200C 11.2
3/2H,
Regeneration®iMethod LiAIHg + 2Al + 3H, >50bar H
3LiAIH4
Regeneration’? Method 4LiH + AICE  LiAIH 4 @ RT, in ether
+ 3LiCl
Sodium Hydride
Hydrolysis NaH NaH+HO  NaOH+H 4.9
Sodium Borohydride
Hydrolysis NaBH + 2H,0O @ RT with Ru Reaction yield H
NaBG;, +4H, 10.8 wt.%
NaBH, NaBH,+4H,0 7.3
NaOH+H;BO;+4H,
Regeneration (1) 3NaBH(OMg} 4BR; N/A
BH; + 3NaBR +
3B(OMe)
Regeneration (2) NaBH(OMg} BH;
NaBH, + B(OMe)
Sodium Aluminum Hy-
dride
Hydrolysis NaAlH, NaAlH+4H,0 6.4
NaOH+AI(OH)+4H,
Pyrolysis (1) 3NaAld  NaAlHg+ @120C, Tidoped Reaction yield H
3H, + 2Al 5.55 wt.%
Pyrolysis (2) NgAlHgs  3NaH + Al + @250C
3/2H,
Regeneration NaH + Al + 3/2H @104£C, 87 atm H,
NaAlH, 17h

(Source: (Fakioglu, Yirimé& Veziroglu, 2004), (SdhiBogdanovic& Felderhoff, 2004))

Table A.4 Storage properties of intermetallic compounds

Material Method  TemperaturePressure Kinetics Cycling Max wt.%
(°C) (bar) (min)  stabillity of H,
MgS BM Tapns-196 Rws 50 Nodata No data 0.50
Lag.ooC& 0sNdg 04 Melting  Taps 100, 25 Bys 5-10 tys 6.6  No data 0.95
Pro.01Ni4 655M 32
Tges 100, 25 Res 0.24 tyes 6.6
Mmg.gsCa-15Nis RF melting  Taps 25 Res 10  tes 60  100cyc.: 1.10
stable
LaNis Sy » Arc melt- Tans 80 Res 3-4 Nodata 1000cyc.: 1.16
ing stable
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TipoZro1gMny g Rf melting
Cro2Vo.2
Lay /Mdo.sNize5 Melting
Mng 1Cp 90
Ti11CrMn Arc melt-
ing
FeTi BM
V.375T10.25Clo 3dMNg g75 Arc melt-
ing
Ti452r33Ni17 BM
Quasicrystal powders
TiCr11Vos Melting
+BM
TiszsVagFe s Arc melt-
ing
Ti-V-Cr-Mn Magnetic
levitation
melting
Lag sNiq sMg17 Hydriding
combustiol
sythesis
La; &Cay ,Mg114N13 BM
Lag Ceay 1Nis CO surfac
treatment
LaNis CO surfac
treatment

Tyes 80
Tges 25

Tges 30

Tdes; 30
Tabé 23

Taes 23
Taps 25
Tans 30
Tges 30
Tans 300

ads 427
Tabs 30

Tges 30
Tabs; -20

Taes 300
Taes 247-472

Tans 280-400
Taps 27-327
Taes 27-327

Taps 0-100

Tdeé 25
Taps 0-100

Tges 25

Res 10 160 100 cyc.: 1.30
stable
Pos 5 Nodata Nodata 1.56
Rps 0.33
Pps 33 tps1l 1000cyc.: 1.80
stable
Res 1 tdes 5
Pps 100 No data No data 1.92
Puws 50 Nodata No data 2.20
Rips 0.2
Ros 80 tps 1200 No data 2.23
Pps 17 Nodata No data 3.50
Rps 0.5
Rps 100 txs 20 50 cyc.: 3.90
stable
Res10
Bs 30 Nodata Nodata 3.98
Pyes 0.03
By 2.21- typs 15 Not stable  4.03
11.34
Ros 40 tps 15 6cyc..not 5.00
stable
Res 1 tws 10
Pabs 50  tes 1.8 20 cyc.: 1.40
stable afer
fifth cycle
Paps 50  tes 13.6 20 cyc.: 1.44
stable afer
fifth cycle

(Source: (Sakintuna, Lamari-Darkrim& Hirscher, 2p07

Table A.5 Storage properties of Mg-based hydrides

Material Method Temperature Pressure Kinetics (min)Cycling sta- Max
o bility wt.%
(°C) (bar) of by

MgH»- BM T.ns 300 Rys 2-15 tans 20 No data 1.37

5mol%Fe0;

30wt.% Mg-M BM Tans 15 Pps 6 tws 83 No data 2.30

mMNis.

x(COAIMN),

MgH,- BM Tapns 250 Rps 15 tos 1.6 Nodata 3.20

5mol%V,05

Mg-10wt.%CeQ BM Tapns 300 Rps1l tws 60 5 cyc.: not 3.43

stable
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ties 60
tws 0.45 20 cyc.:no 3.70
stable
bies 4
tis 67 No data 4.49
tns 30 9 cyc.: sta- 4.50
ble
tis 2 Nodata 4.70
tyes 10
tos 2 2000cyc.: 5.00
stable
tes 10
tans 90-1440 600cyc.: 5.00
stable
tes 3.33 No data 5.00
tws 0.83
tos 1.6 3 cyc.: sta- 5.40
ble
tws 60 3 cyc.: sta- 5.56
ble
taws 10
tws 4.2 No data 5.80
tdes; 33
tans 90 800 cyc.: 6.00
stable
ties 8.33 No data 6.00
tans 13.33
tos 6 1000cyc.: 6.40
stable
ties 10-35
tges 150 2 cyc.: not 6.50
stable
tges 12.5 Nodata 7.00
(milled)
tges 50 (un-
milled)
No data No data 7.00
tos 1 No data 7.00
tges 1.5
tos 420 Nodata 7.30

Tges 300 Res 0.5
La,Mg:~ BM Tabs 250-303 By 4-7
40wt.%LaNE
Taes 250-303 Resd-7:
MgH - BM Taps 300 Rps15
5m0|%A|203
1.1MgH;- BM Taps 200 Rps30
2LiNH>»
Mg-20wt.%TiO, BM Tans 350 Rps20
Taes 330-350 R.s 1
MgH,-5wt.%V BM Tabs 300 Rps 1-3
Tges 300 Res 1-3
MgH,-Mg,FeH; Mixing Taps 350-525 Bys 36-
93.7
Tges 350-525  Res 3.6-
93.7
MgH,-5at%Ti BM Tabs 200 Rps10
Tges 300 Res0.15
Mg' BM Tabs 280 Rus 30
30Wt%LaNb23
Mg- BM Tans 320 Rps 12
10wt.%Fe03
MgH,-5wt.%V BM Tabs 200 Rps 10
Tges 300 Res 0.15
Mg/MgH- Wet- Taps 230-370  Bys 4.0-
5wt.%Ni chemical 1.4
method
Pyes 4.0-
1.4
MgH,-5at%Mn BM Tans 200 Rps 10
Tges 300 Res 0.15
MgHg' BM Tans 300 Rps 1-2
0.2mol%CpO4
Tde§ 300 Fc)jes; 1-2
MgH,-2mol%Ni BM Tges 150-250 Res 1
MgH BM Taps 300 (milled) Paps 3-10
Tges: 300 (milled) Pges 0.15
3Mg(NH,),-8LiH BM Tges 140-190 Res1
Mg- Mixing Tapns 300 R,s 8.4
0.5wt.%NbOs
Tges 300 Res vac-
uum
MgH>-1at%Al BM (benzen: Tans 180 Rys0.6
and cyclo-
hexane me-
dium)

Taes 335-347

(Source: (Sakintuna, Lamari-Darkrim& Hirscher, 2P07
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Table A.6 Storage properties of Mg-TM-based hydrides

Material Method  Temperature Pressure Kinetics Cycling Max wt.% of
(°C) (bar) (min) stability H,

Mg,Ni-1 wt.% BM Tans 200 Rps 15 tws 27 4 cyc.: sta- 2.50

Pd ble

MgNi BM Taps 300 Rps 11.6 ths 10 4 cyc.: sta- 3.50

ble

Mg-Mg;Ni BM Tabs 300 Ros 12 tos 83 2 cyc.: not 3.60
stable

70 wt.% BM Tans 350 P.es 10 tans 30 10 cyc.: 4.66

Mg_30wt.% Tges 350 Pges 1.5 tges 10 stable

LaNis

65 wt.% BM Tges 220-240 R.s 0.5 tos 10 20 cyc.: 5.00

MgH»-35wt.% stable

MgoNiH,4

Mg,CoHs Mixing  Taps 450-550 B,s 17-25 Nodata  1000cyc: 4.48
stable

(Source (Sakintuna, Lamari-Darkrimé& Hirscher, 2007)

Table A.7 Storageproperties of sodium alanates

Material Method Temperature Pressure (bar)  Kinetics Cycling Max
(°C) (min)  stability wt.%
of H,
NazAlH ¢ Mechano- Tgeg 200 Res1 ties 150 Nodata 2.50
chemical
synthesis
NaLiAIH ¢ BM Tees 211 Rbs45 tws100 Nodata 2.50
NaAlH;-4mol%Ti BM Taps 120 Rys120 tns 60 8 cyc.: no 3.30
stable
Taes 150 Res1 lyes 600
NaAlH;-2mol%Ti BM Taes 25-160 Rxs20-120 s 300- Nodata 3.80
720
Tabs; 25-193 Bes;l tdes; 40
NaAlH,- Mixing  Taps 135-120 Pyps 150-130  fps 330 33 cyc.: 4.00
2mol%Ti(Obu), not stable
Taes 180-160 Pges 150-130 des 90
NaAlH,- BM Taes 125-100  Pyes 83-91 tes 20 5cyc.:no 4.00
2mol%TiCkL stable
NaAlH,- Mixing Tges 200 Pyes 1 No data 3 cyc.: 4.00
2mol%Zr(OPr) stable 3
after sec-
ond cyc.
NaAlH,4 Mechano- T,,s 80-180 Tos 76-91 ths 120- 2 cyc.:not 5.0
chemical 300 stable
synthesis

Tges 80-180 Tes 76-91 ties 300
NaAlH;-2mol%TiN BM Taes 104-170 Tgps 115-140 45 30- 25cyc.: 5.0
1200 stable af-
ter 17"
cycle
(Source: (Sakintuna, Lamari-Darkrimé& Hirscher, 2p@bu = butoxide, OPr=propoxide.
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Table A.8 Alanates: Storage properties of the most-commoeastyp

Type Storage density*, wt.%,H  Desorption temperaturéC
LiAIH 4 10.6 190

NaAlH, 7.5 100

Mg(AIH 4) 9.3 140

Ca(AlH,) 7.8 >230

*Theoretical maximum (Source: IEA Hydrogen Implertieg Agreement — Hydrogen Produc-
tion and Storage R&D Priorities and Gaps)

Table A.9 Storage properties of Li-based hydrides

Material Method Temperatur Pressure Kinetics  Cycling stability = Max wt.%
(°C) (bar) (min) of Hy
LaNisBH; Arc melt- T 25 Rps 4 tans 30 2 cyc.: not stable 0.84
ing
LiNH »-LiH- BM Tges 150- Py 30 tws 30 3 cyc.: stable 5.00
1mol%TiCk 250
LisN Mixing Taps 50 Pps 0.5 tws 20 No data 6.00
Taes 240-  Pges 1
270
Li,NH Mixing  Taps 255-  Paps 10 No data No data 6.50
285
Tges 255-  Pyes 1.5
285
Li;BN,Hg BM Tges 250-  Pges 1 thes 228 No data 10.00
364

(Source: (Sakintuna, Lamari-Darkrimé& Hirscher, 2p07

Table A.105torage properties of metal borohydrides
Hydrogenated fornbehydrogenatedHydrogerHydrogen -DH, Decomp. Decomp.

form capacity capacity kJ/molH,Temp., °CTemp., °C
wt.% g Hy/L Calc. Obs.
LiBH4 LiH+B 13.9 93 75 402 470
2LiBH;+MgH, 3LiH+MgB, 11.4 46 225 315
2LiBH4+Al 2LiH+AIB , 8.6 188
NaBH, NaH+B 7.9 85.5 90 609 595
2NaBH+ 3NaH+ 7.8 62 351
MgHZ Mng
Mg(BH,)2 Mg+2B 14.9 113 40 323
Ca(BHy), 2/3 Cab+ 9.7 108 75.5 360
1/3CaB
Ca(BH,),+ CaH,+MgB, 8.3 159
MgHg
Zn(BH,), Zn+2B* 8.5 85
Al(BH 4)3 Al+3B* 16.9 121 6 150
Ti(BH,)3 TiB,+B* 13.1 25

(Source: Metal Borohydrides as hydrogen storageemads, Sigma-Aldrich, Dr. G. L. So-
loveichik General Electric Global Research)
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Table A.11Borohydrides: Key properties of most common types

Type Storage density*, wt.%,H  Desorption temperaturéC
LiBH, 18.5 300
NaBH, 10.6 350
KBH,4 7.4 125
Be(BH,), 20.8 125
Mg(BH,) 14.9 320
Ca(BH,), 11.6 260

* Theorectical maximum (Source: IEA Hydrogen Impésting Agreement — Hydrogen Pro-
duction and Storage R&D Priorities and Gaps)

Table A.12Comparison of the key properties of main (condeipdetse) hydrogen stores

Material Practical Kinetic Taec(°C) Notes Criteria met
wt.% H reversibility
PdHy 6 0.6 excellent ambient $ 1000/0z (i, iii,v)
Mg,NiH, 3.6 very good ambient Fails to meet (ii,iii,iv,v)
wt.% criterion
NaAlH,TiO, 5.5 good 125°C Fails to meet (i, iii,iv,v)
wt.% criterium
Li,NH 6.5-7.0 good 285°C (1,1l iv,v)
MgH, 7.6 Vvery poor 33C0°C Cheap Mg metal (i,iv,v)
LiBH4:SiO, 9.¢ irreversibl& 200-400C At present LiBH (v)
is expensive
H.0(, 11.1 a e Environmentally (i,iii,iv,v)
friendly MHS
SiHag) 12.5 irreversible  Broad range C (i,iv)
LiH 12.6 poor 720°C Aggressive Liva-  (i,iv,v)

pour formed upon
decomposition

NaBH, 13.0 irreversible 400°C cheap (i,iv,v)
NHaq) 17.6 irreversible e Toxic liquid (i,iv)
c? 2?77 g g Very expensive (i,ii,iii,v)???
and ill-defined at
present
petroleum 17.3
BeH, 18.2 irreversible 250°C Extremely toxic ®
and volative pow-
der
NH3BH3 18.3 irreversible Melts at Multistage decom-  (i,iv,v)
+104C position
LiBH, 19.6 irreversible 38C°C  Expensive as com- 0]
pared to Na com-
pound
NH;BH,4 24.4 irreversible -40 to +100C Multistage decom-  (i,iv)
position
CHyg 25.0 irreversible e Gas difficult to (i,iv)
liquidify

(Source: (Grochala, Edwards, 2004))

(a) Risk of explosive regeneration of HSM if H amah-metal are stored in the liquid or gase-
ous phase (b) Investigations in progress (c) tbgigd low storage temperature, risk of explo-
sion (d) SiQ is added in substantial amounts, thus lowering} liynes the practical hydrogen
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storage efficiency (e) Thermal activation very idifft (f) Nanotubes, including alkali metal-
doped nanotubes (g) Highly irreproducible datagiag from 0 to 20 wt.%.

Table A.13Hydrogen Storage Capacity of Amine BorohydridesBHH

Reaction of NEHBH,, Wt.% T (°C)
NH,BH.® NH3;BH;+H, 6.1 <25

NH3;BH:® NH,BH,+H, 6.5 <120
NH,BH.® NHBH+H, 6.9 ~155
NHBH® BN+H, 7.3 >500

(Source: MRS Bulletin volume 33, The Hydrogen FAlernative, G.W. Crabtree and M.S.
Dresselhaus).
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Appendix C Research on hydrogen storage in the Netherlands

In this chapter a short overview of projects in Netherlands is given which are connected to
sustainable hydrogen. Here only the projects rélaidiydrogen storage are described. These
projects are performed under the ACTS — NOW SuabdinHydrogen Programme and the aim
of this program is to develop a knowledge and taehiase for the transition towards a hydro-
gen based society. The programme consists of @ngséelds and some of them are hydrogen
production, separation, storage, transport, angtersion. The descriptions of the different pro-
jects are obtained from the websites

http://www.nwo.nl/nwohome.nsf/pages/INWOA 6NSGYZ _Eng
http://www.nwo.nl/nwohome.nsf/pages/INWOA_6P69LY

C.1 ACTS-NWO Sustainable Hydrogen Programme (First Tender)

C.1.1 Atomistic modelling of lightweight metal-hydrides

Project Leaders
Dr. G. Brocks, UT; Dr. Ir. G. A. de Wijs, KUN; Probr. P. J. Kelly, UT; Prof. R. A. de Groot,
RUG

In a future hydrogen economy safe and robust hyaragorage is essential. Metals and metal
alloys can act as a sponge and absorb hydrogamnge tjuantities, thus enabling a storage mode
that is intrinsically safe. The hydrogen is dissohin atomic form inside the crystal lattice of
the bulk metal. Since using containers filled withlk metals generally add a lot of extra
weight, the search is for suitable lightweight rheféoys. In addition the process of hydrogen
absorption and desorption from such alloys needsetéast and not consume a lot of energy
(since this energy would then be lost). The airtoifind a lightweight metal that has all these
desirable properties. In this project we apply sat®) stare-of-the-art computer modeling to
simulate the behavior of hydrogen atoms insidectiystal lattice of metals. We hope to learn
where the hydrogen atoms want to go inside the niagt@ow difficult it is for them to get in
there and how difficult to get back out again fukiiely to be burned cleanly). Moreover, be-
cause these simulations "see" directly into thecstire of the materials, we can look for causes
of undesirable behavior, e.g. positions at whiah lilgdrogen atoms get trapped, and possibly
provide suggestions for remedies. We start froftligight metals everybody is familiar with,
such as magnesium. Improving its properties inv@k#oys (i.e. mixtures on an atomic scale)
with other lightweight metals. The Holy Grail is fiod an alloy with an unprecedented hydro-
gen storage capability and, of course, to undedgtamv it works.

C.1.2 Metal-hydride thin films as a tool to find new/improved light weight
storage materials

Project Leaders
Dr. B. Dam and Prof. Dr. R. Griessen Vrije UniveggiAmsterdam

Many western states have committed themselvesrémaction of their C@output. Fuel cell
powered cars running on hydrogen, would reduceCBgoutput considerably. An essential in-
gredient for this development is a hydrogen storsggem that is light and compact. A safe
way to store hydrogen is to incorporate it in adsdh spite of the enormous amount of work on
metal-hydrides carried out for decades the besalmeatrides available commercially today are
still too heavy (typically 430 kg for the 6 kg ofdrogen necessary for a medium-sized car with
a 400 km range) although the volume (68 liter)cseptable. Magnesium-based hydrides would
be significantly lighter but, due to their staliliit is difficult to desorb the hydrogen from tees
materials. Recent discoveries, for example of gatal alanates (compounds containing AlH
building blocks) and lithium nitrides with high hyajen densities, have made clear that there
are completely new classes of hydrogen storageriaiatevaiting to be explored. The search for
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new hydrogen storage materials and the appropmésdysts is a work of titans if carried out on
bulk samples. This is the reason why we propose hecompletely new combinatorial tech-
nigue based on matrix thin film samples. By usimgutaneously several sources (for example
of materials A, B and C) in a suitable configuratione produces large area films (typically 7
cm in diameter) with large spatial variations irBA= composition. The loading of such a ma-
trix-film with hydrogen can then be observed witlvideo system, since we know from our
work on switchable metal-hydride mirrors, that hyglen absorption leads to large changes in
their optical properties. The absorption kinetissletermined for essentially each pixel of the
video camera. With this technique it is possiblentanitor typically 104 samples (all with a dif-
ferent A-B-C composition) simultaneously under glkathe same conditions. In this way we
hope to enforce a breakthrough in the search fdrdgen storage materials that are suited to be
used in transportation.

C.1.3 Opitical fibre hydrogen sensors

Project Leaders
Prof. Dr. R. Griessen, Dr. B. Dam, Ing. K. Heeckj&Universiteit Amsterdam

Safety is essential for the implementation of afeithydrogen based economy. For the opera-
tion of hydrogen powered devices there is a greatrior sensitive, selective, fast, reliable, sta-
ble and cheap hydrogen sensors. Most of the seasaileble commercially are based on elec-
trical measurements at the sensing point. Thimdesirable in potentially explosive environ-
ments. Furthermore, they are often expensive amdtable over long periods of time. These
disadvantages can be circumvented by using optataictors in which the end of an optic fiber
is coated with a hydrogen sensitive layer. The gbarinduced in the optical properties of this
layer during absorption of hydrogen are detectditalty at the other end of the fiber. This type
of sensors is easily scaled up to large numbef&efs converging to a unique detector. We
propose to use the switchable "black mirror" matsrdiscovered in our group at the Vrije Uni-
versiteit as hydrogen sensitive layer. A typicahmple of a "black mirror" material is a com-
pound of magnesium and nickel. Without hydrogeis & shiny mirror that reflects effectively
the light in the optic fiber. However, absorptiohsmall amounts of hydrogen changes it into a
highly absorbing, i.e. black layer. The great adage of our "black mirror" materials is that the
optical changes occur at low concentrations of bgen (thus avoiding deleterious strains that
limit the lifetime of sensors) and that diffusiohhydrogen in the sensor is sufficiently fast over
a large temperature range (- 4D to +90°C). In this proposal we investigate the implementa-
tion of these switchable mirrors in a practicalidev

C.1.4 Novel nanostructured light metal hydrides for hydrogen storage-
fundamentals and application

Project Leaders

Prof. Dr. K. P. de Jong Division of Inorganic Chstny and Catalysis Utrecht University, Prof.
Dr. F. H. P. M. Habraken Physics Dept. Divisionf8ces, Interfaces and devices, Utrecht Uni-
versity.

Sustainable energy is based on sun, wind and weadgge scale use of especially solar energy
makes storage and transport of energy necessadyobign is often proposed as energy carrier
of the future because its use only results in tmmétion of water. The main challenge is safe,
efficient and cheap hydrogen storage. Chemical ingndf the hydrogen gas in a metal to a
solid metalhydride is investigated in this reseaasha promising possibility. The emphasis of
this research is focused on magnesium (Mg) whicm$owith H, the hydride MgH. Because
the stability of MgH is in general too high, which leads to high hydmoglesorption tempera-
tures, this research is focused in the destabizaif MgH,. This can be done by preparing thin
films of Mg in a different way for example by magithe films amorphous or bombarding them
with high energetic particles. Another way is ciggtvery small particles of Mg with the di-

56 ECN-E --08-043



mensions of 1-10 nm (1 nm = 14f). These very small particles probably enableoutesorb
hydrogen at lower temperatures.

C.1.5 Mechanisms of hydrogen storage in alanates a first principles approach

Project Leaders

Dr. G.-J. Kroes,Leiden Institute of Chemistry, Depheoretical Chemistry, Leiden University:
Prof. Dr. Gert-Jan Kramer, Dept. Chemical EnginegrDivision Catalysis (ST/SKA) Division
Catalysis (ST/SKA), Eindhoven University of Techogy: Prof. Dr. Evert Jan Baerends, Dept.
Theoretical Chemistry Dept., Vrije Universiteit, Aterdam: Dr. Hans Geerlings, Shell Global
Solutions International BV, Dept. Innovation andolxatory Research, SRTCA, Amsterdam

We propose research on storage of hydrogen in telanBlydrogen is a clean fuel: in a car,
burning hydrogen only results in water, and theegh®use gas GQOs not produced. Alanates
are compounds that contain aluminum, (stored) hgehrpand a metal like sodium or lithium.
The focus of our investigation will be on NaAlH his material is very promising, because: (i)
the reversible hydrogen content is 5.6 wt.%, alibegarget of 5 wt.% specified by the interna-
tional energy agency, and (ii) in contrast to coomts containing magnesium, NaAlkEan re-
lease hydrogen at temperatures close to 353 Kiethperature at which a so called PEM fuel
cell would extract energy from hydrogen in, fortaree, a car. The problem now standing in
the way of the large-scale use of NaAid a problem of kinetics: the speed at which hgdro
release from or uptake in NaAJlHakes place is too low with the current statehaf art. Cata-
lysts like titanium and zirconium are known to emt® this speed, but not yet enough. Better
catalysts are needed. These could be obtained ih#thanisms of the reactions through which
hydrogen is released or taken up were known, atideifroles played by the known catalysts
were understood. Our research is aimed at thisretaheling. Using three new methods, the
technical details of which are described in theaesh proposal, we will simulate the motion of
the atoms that give rise to the solid state reastihirough which hydrogen is stored and re-
leased. In the simulations, the motion of the atantisoe based on accurately calculated intera-
tomic forces. Our research may point the way ttefdsading and unloading of hydrogen from
NaAlH,4, which could make this material applicable in a@afdl storage of hydrogen in cars.

C.1.6 High energy density, fluorite-based, hydrogen storage materials

Project Leaders

Prof. dr. P.H.L. Notten,Inorganic Chemistry and a@gis, Eindhoven University of Technol-
ogy: Dr. M. Ouwerkerk, Philips Research Laborawmyriategrated Device Technologies, Eind-
hoven

The application of LaNi-type hydrogen storage materials in rechargeaild\batteries has
become a great commercial success in the last deédhost half of the small rechargeable
battery market is currently devoted to this batsyrgtem, while the potentials in Hybrid Electri-
cal Vehicles (HEV) are even greater. In additidficient hydride-forming materials are crucial
in future Fuel Cells. A new class of materials feently been discovered, revealing very high
hydrogen storage capabilities. At the Philips Rede# has been found that a specific fluorite-
type of Mg-based compounds can store up to 4 ttmesmount of hydrogen compared to that
of the conventional LaNj making these new materials very attractive fareexely high energy
storage devices and offering serious potentiatadet the target of 6.5 wt.% hydrogen storage
set by the US Department of Energy. It has beenearghat the crystallographic structure
seems to play a crucial role in the favorable fpanstion properties s. Apart from this high hy-
drogen storage capacity (i), other requirement® hawe fulfilled, such as (ii) optimum ther-
modynamics, i.e. more favorable hydrogen pressiiigghe rate at which hydrogen can be ab-
sorbed and desorbed and (iv) resistance againstosomn upon repeatedly absorp-
tion/desorption. The impact of the materials contpmson all these aspects is of crucial impor-
tance and will be investigated on both thin filleatodes and powder materials. The developed
materials can be used for hydrogen storage in bath phase driven and electrochemically
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driven energy storage devices. The developed raieran, in the bulk form, directly be im-
plemented in both rechargeable NiMH batteries amnel Eells. It is to be expected that this new
class of materials will strongly contribute to thevelopment of lightweight energy storage de-
vices and hence to the future hydrogen economy.

C.1.7 University of Twente, The Neterlands

Project Leaders

Dr.G. Brocks, Dr. G. de Wijs

Computational Materials Science, Faculty of Scieand Technology, University of Twente,
The Netherlands and Electronic Structure of Makgrigaculty of Science, Radboud University
Nijmegen, The Netherlands.

The group’s main expertise is in ab initio electcostructure methods which they have devel-
oped and applied to a wide variety of condensedemsituations (metalhydrides, semiconduc-
tors, permanent magnetic materials, organic masgerfaurface) energetics, lattice dynamics,
transport, optical excitations etc.) using botralaed-orbital and plane-wave based methods in
all-electron and pseudopotential forms. They stiawerk on switchable mirror metal hydrides
in 1997, addressing the energetics, the opticalthadattice dynamical properties and since
2003 they focus upon hydrogen storage materialsd-Sate DFT (density functional theory)
codes are the appropriate tools for addressing fimalgerties. The most flexible and powerful of
such codes at present are based upon pseudo-ptgamd plane wave basis sets, and use Car-
Parrinello techniques for simultaneous electronid structural optimization. Optical properties
are obtained by combining such results with thds@ined in first-principles GW calculations.
The two groups have a long-standing collaboratiwh \@ork together in a project on hydrogen
storage materials, supported by the Dutch orgdnizd®dvanced Technology for Sustainabil-
ity (ACTS)".

C.2 ACTS-NWO Sustainable Hydrogen Programme (Third Tender)

C.2.1 Destabilized, multi-component, Mg-based hydrogen storage materials

Hydrogen has been proposed as emission-free ecarger in the future hydrogen economy,
e.g. in fuel-cell powered cars. One of the majalleimges to be overcome in realizing such hy-
drogen economy is finding an efficient and saferbgédn storage medium. Mg can store 7.7
wt% hydrogen but suffers from slow absorption/dpson rates and low equilibrium hydrogen
pressure. The kinetic shortcomings can be overdoynalloying with Mg with Sc/Ti, which
induces a change in crystal structure from rubléalvorable fluorite. New ternary and quater-
nary Mg-Ti alloys will be proposed to raise the idiQuium pressure while preserving the crys-
tallographic structure. By adopting a combinatoeictrochemical approach, new materials
will be investigated to quickly scan suitable altayelements.

Subsequently, promising new compositions will rarislated’ into bulk materials. The even-
tual goal of the work is to develop light-weighylk storage materials with near atmospheric
equilibrium pressure in the working range of fuells

Project leaders:
Prof. dr. P.H.L. Notten, Eindhoven University ofch@ology
Dr. B. Dam, Free University, Amsterdam

Dr. E.M. Kelder, Delft University of Technology
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C.2.2 Search for new light-weight hydrogen storage materials using
Hydrogenography

Hydrogen storage is essential for the implememadiohydrogen as an energy carrier in a sus-
tainable economy. Hydrogen storage in metal hydrideespecially attractive due to the high
volumetric capacity (larger than that of liquid lngden) that can be attained. However, the con-
ditions to store and retrieve hydrogen need tonb& practical range of temperatures (<100°C)
1-10 bar). Finding new materials is very much like searchand pressures ( for a needle in a
haystack. For this we use hydrogenography, a polvéethnique developed in our group,
which probes the properties of thousands of samgilesitaneously. This combinatorial ap-
proach also allows us to systematically analyzetridreds in storage behavior. We also investi-
gate a number of fundamental aspects such aslthefrmeta-stable structures and the effect of
crystalline order and the existence of an intriguemthalphy/entropy correlation.

Project leaders:
Dr. B. Dam, Free University, Amsterdam

Prof. dr. R.P. Griessen, Free University, Amsterda

C.2.3 Insitu NMR analysis of hydrogen storage materials

Efficient hydrogen storage is a key element foraorging the world’'s energy demand in a sus-
tainable way. To make hydrogen storage efficierst @ssential to store large amounts safely in
a relatively low volume.

Furthermore, hydrogen loading and unloading shbeldnergy efficient with minimum risk.
Storage by chemically binding hydrogen in metalrdg@ compounds is a promising route to
achieve this goal.

At present there is no material that meets allealieguirements. A possible route to find suit-
able materials is ‘combinatorial chemistry’ whicleams that the composition of materials is
varied systemically. Compositions that show favieaderformance can then be further opti-
mized. Using thin films of material this can be damith a very low consumption of base mate-
rials and essentially zero waste production.

In principle, one can monitor the hydrogen uptake eelease for virtually thousands of compo-
sitions optically in a fast and flexible way. Hovegyto fully understand the materials structure
and hydrogen dynamics it is important to combireséhoptical measurements with advanced
spatially resolved analytical techniques. Nucleaghttic Resonance (NMR) is the most pow-
erful analytical technique but existing spectromet® not have the sensitivity and flexibility to
be applied for thin film samples.

It is the purpose of the present project to devetmmning NMR micro-imaging device to study
thin hydrogen storage layers. In essence it is epaipe to an MRI scanner in the hospital,
which can provide pictures based on the locati@haanount of hydrogen (in the form of water)
in the body. The proposed instrument will haversiwity that is at least a factor 1000 higher
than a hospital scanner.

In addition, it can determine in what chemical fdira hydrogen is present and how the process
of hydrogen storage and desorption can be optinireenergy storage applications.

Project leaders:
Dr. P.J.M. van Bentum, Radboud University
Prof. dr. A.P.M. Kentgens, Radboud University
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C.2.4 Hydrogen surface adsorption in porous crystalline materials

Hydrogen storage is a major bottleneck for theizatibn of a future energy economy based on
hydrogen a s an energy carrier. Key to competlhixg@rogen storage is the development of
lightweight, cheap and safe materials that carelersibly loaded under for applications, suit-
able temperature and pressure conditions.

Surface adsorption of hydrogen in porous, crystalfnaterials such as metal organic frame-
works (MOFs) and covalent organic frameworks (CQifsyide materials with record specific
surface areas per gram material and are therefopoged as potential hydrogen storage mate-
rials.

Our research focuses on the design of new matéraadsfirst principles, chemical synthesis
and the fundamental characterization of the hydrageption. In situ neutron diffraction will

be performed to determine, which are the most &verpositions of hydrogen in the crystals
that have the highest adsorption interactions gthetWith this knowledge new materials can be
designed with improved characteristics and highpacity.

Project leaders:
Dr. F.M. Mulder, Delft University of Technology
Dr. T. J. Dingemans, Delft University of Technology
Prof. dr. ir. T.H.J.J. van der Hagen, Delft Univigref Technology

C.2.5 Nanostructured hydrogen storage materials: the benefits of particle size
effects and support interaction

Hydrogen, if produced from renewable sources, wbel@n attractive fuel for cars, as it does
not lead to emission of polluting or greenhouseegaklowever, efficient, compact and safe
storage of hydrogen on board is a challenge.

Hydrogen gas is voluminous and difficult to comgrashile liquefaction takes much energy.
To solidify hydrogen is no option, but it can nahefess be stored as a solid: certain light met-
als can take up (and release upon heating) coasiideamounts of hydrogen gas.

However, so far no material has been unidentified meets all requirements, especially the
combination of fast hydrogen release and uptakeasionable temperatures is difficult to find.
We investigate the possibility to use known combams of light metals, but change their prop-
erties by making them in the form of a very finevoer (nanoparticles) and put this powder in-
side a carbon sponge. After making the materiagsyill measure the rate and temperature of
hydrogen release and absorption.

Also theoretical calculations will be performedbigtter understand the system, and to predict
which experiments would be most useful. Furthernmoelel systems, very thin films, will be
used to learn about the structure of nanophase-asitep.

It is expected that due to very small grain sizéhspowder (and the influence of the carbon
sponge), hydrogen can be released and absorbed aadifaster, and at more moderate tem-
peratures and pressured than is normally the cagbdse light metals.

Project leaders:
Dr. P.E. de Jongh, Utrecht University
Dr. J.H. Bitter, Utrecht University
Dr. B. Dam, Free University, Amsterdam
Prof. dr. ir. K.P. de Jong, Utrecht University

Prof. dr. G.J. Kroes, Leiden University
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Dr. R.A. Olsen, Leiden University

C.2.6 Atomistic modelling of advanced hydrogen storage materials

In a future hydrogen economy safe and robust hydr@forage is essential. Many materials, in
particular metals can absorb hydrogen in large tijigs1 The hydrogen is stored in atomic form
or inside molecules in the crystal lattice of thatenial. Since containers filled with bulk mate-
rials can be heavy, the search is for lightweightarals that has all these desirable properties.
In this project we apply computer modeling to siatelthe behavior of hydrogen atoms inside a
crystal lattice. We hope to learn where an howngirihe hydrogen atoms are bonded and how
difficult it is to get them out again.

A microscopic model for these (de)hydrogenatiorctieas will help to overcome present bot-
tlenecks in finding suitable hydrogen storage nialter

Project leaders:

Dr. G.H.L.A. Brocks, University of Twente
Prof. dr. R.A. de Groot, Radboud University
Prof. dr. P.H.J. Kelly, University of Twente
Dr. ir. G.A. de Wijs, Radboud University

C.2.7 Realisation and application of in-situ TEM of hydrogen storage materials
at 1-10 bar hydrogen pressure and 200C

There are serious disadvantages associated witpetineleum based transport system, such as
petroleum shortage and global warming. Using hyenogs an energy carrier instead of petro-
leum is the most promising solution, whereby themntttleneck is hydrogen storage (in vehi-
cles). Metal hydride materials are amongst the raeffsctive storage materials with hydrogen
contents. Dopant materials such as titanium haédepectacular low temperatures for hydro-
gen (un)loading, but the underlying mechanismssétenot understood. Therefore the nanos-
tructure of the different material phases will hgdges using a transmission electron microscope
under real industrial conditions, in contrast wihie currently used high vacuum conditions. We
will investigate the materials phases during th@gformation, with a hydrogen environment at
high pressures (1-10 bar) and at different tempezat These demanding experiments are made
possible by the design and construction of nantoeamside the microscope.

Project leaders:
Prof. dr. H.W. Zandbergen, Delft University of Tactogy
Dr. ir. J.F. Creemer, Delft University of Technojog
Prof. dr. J.J.C. Geerlings, Shell

Dr. P.J. Kooyman, Delft University of Technology

C.2.8 Promoted hydrogen storage in nanoporous clathrate hydrate materials
with enhanced storage capacity

Improved methods for hydrogen storage form an e¢isdestep towards a hydrogen economy in
which hydrogen is used in traffic. Hydrogen resoltdy in water as waste product at which the
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emission of cabondioxide, one of the greenhoussegass avoided. Potential and promising
materials for hydrogen storage are the so callahi@tes, at which hydrogen is trapped in cages
of water ice. Hydrogen storage in clathrates atpogssures (1 bar and 20°C) is possible by ad-
dition of a promoter molecule, which stabilizestpdrthe cages. The positive effect has already
been showed for one clathrate structure (the deccall structure), however the obtained stor-
age capacity (about 1 wt.%) is too low. The goathaf proposed research is to find a suitable
promoter molecule for other clathrate structurbe @o called sH structure), which possibly can
contain 5 wt.%. If this goal is achieved then Shéldrogen will investigate if it is possible to
further develop the found material for practicaplagations.

Project leaders:
Dr. ir. C.J. Peters, Delft University of Technology

Prof. dr. G.J. Kroes, Leiden University

C.2.9 Hydrogen sensors and safety detectors for the hydrogen economy

Hydrogen sensors are essential for the implementaif a hydrogen economy, since safety
needs to be guaranteed. Our research aims to geadigdrogen sensor for the automotive in-
dustry. The sensor exploits the very large chaimgélse optical properties of a metal hydride

deposited at the tip of an optic fiber when itnscontact with hydrogen gas. The light from a
laser diode shining through the fiber is reflectdts tip. The change in reflection after expo-
sure to hydrogen, is measured by a photodiodeeabtter end of the fiber. The advantage of
this approach is what the (readout) electronickejst out of the potentially explosive sensor
area. We will develop the hydrogen sensor in palrédl the optimization of our recently devel-

oped hydrogen detector which is based on the dameiges.

Project leaders:
Dr. B. Dam, Free University, Amsterdam

Prof. dr. R.P. Griessen, Free University, Amsterdam
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Appendix D Hydrogen storage and future applications programs in
Europe

In this appendix some European research prograchprajects related to hydrogen storage are
given. These projects give an impression of theetiifocus of the different research fields.

D.1 STORHY: Hydrogen Storage systems for Automotive Application

The integrated project STORHY aims to develop rolsafe and efficient on-board vehicle hy-

drogen storage systems, suitable for use in hydréggled fuel cell or internal combustion en-

gined vehicles. Three systems are under developmeampressed gaseous, cryogenic (liquid
hydrogen), and metal hydrides. The aim is to dgvelgstems that are capable of being pro-
duced at industrial scale and meet commerciallpleigoals for cost and energy density and
durability. Achieving sufficient hydrogen storagepecity for adequate vehicle range is cur-
rently a major technology bottleneck (source ECNiéhstof & Schoon Fossiel, Petten 2 febru-
ari 2006, Startnotitie werkgroep Waterstof)

D.2 COSY: research network develops novel hydrogen storage
materials

The Marie Curie Research Training Network COSY (@b Solid State Reactions for Energy
Efficient Hydrogen Storage) was launched on Novamibst, 2006. The network, which re-
ceives 2.5 million in funding from the European Union, svastablished to develop new types
of reactive light-metal hydride composites that barused for more effective hydrogen storage.
During the project’'s four-year duration, GKSS-Fénsegszentrum Geesthacht will coordinate
the collaboration between the 13 participating aese institutes from seven European coun-
tries.

Hydrogen can easily be produced by using renewstleces of energy, which will have to re-
place fossil fuels once the latter are depletesoate point in the future. However, the use of
hydrogen as an environmentally friendly sourceradrgy for mobile devices such as automo-
biles, laptops and cameras is still hindered bymber of factors, including the excessive size
and weight of existing hydrogen storage systemis.bécomes possible to store hydrogen more
effectively than is currently the case, the gasld@erve as an ideal energy carrier for mobile
applications.

Over the next four years, the scientists involvedhie COSY network will be working to
achieve this goal by developing new nano-structemdposites of various light-metal hydrides
for use as storage materials. "Light-metal hydriges solid materials that chemically bind hy-
drogen atoms and release them again when heatquldires Professor Rudiger Bormann, Di-
rector of the Institute for Materials Research #&SS-Forschungszentrum Geesthacht and co-
ordinator of COSY. "The ‘reactive hydride compositdiscovered by the scientists at GKSS-
Forschungszentrum Geesthacht will allow us to §igantly increase the storage density.
By storing hydrogen in solids, we can avoid a nundfematerial- and safety-related techno-
logical difficulties, such as those encounteredrdphigh-pressure storage of gaseous hydrogen
or the storage of liquid hydrogen at low temperesur

The COSY network aims to prepare and optimize the reactive hydride composites for use
in hydrogen storage systems of mobile applicatidiosmake this possible, the COSY scientists
investigate how the light-metal hydrides and hyelddmposites can be produced economically,
characterise the micro- and nano-structures gestehiring production, evaluate and optimize
the thermodynamics and kinetics of the hydrogeigdi®n and release, and model these proc-
esses.

D.3 FuncHy - Functional Materials for Mobile Hydrogen Storage

Exploratory focus of the Helmholtz Initiative 'Fuihyg: Functional Materials for mobile Hydro-
gen Storage' is the development of novel light-Weklgdrogen storage materials with high gra-
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vimetric capacity (> 5 mass%), low operating terapgtes (< 150°C) and fast sorption kinetics.
The project combines various scientific and tecaingpproaches and methods, considering the
total value-added chain from fundamentals of makerscience to production on industrial
scale. For this, FuncHy assembles five renownedigan research institutions with comple-
mentary experience in the field of hydrogen stonagéerials. Together with associated partners
from industry and academia, FuncHy provides a biasis. European centre of excellence for
hydrogen technology for mobile applications. Sdidrage offers the best opportunities for
meeting the requirements of on-board storage. Wikhirope, considerable effort has been put
into the search for materials suitable for hydrogemage through various fragmented and clus-
tered EU and national projects, for both statioraargt mobile applications. While the results for
stationary and portable applications have in fegesareached some of their targets (e.g. EU
project HYSTORY), the demands for transport apgilices for car industry, in terms of storage
kinetics, weight ratio and operating conditionsyédhaot yet been met. There is some disagree-
ment in these demands. However, the large vatigloifisome technical targets mainly depends
on the various applications and is, somehow, lgaafluenced: a range of 600-700 km is fore-
seen for USA passenger cars (2000-2500 kg of grefssle weight, GVW), much heavier than
the reference cars for Japan and Europe (1000 k&)/&¥). The relevance of the various tech-
nical targets is evident, when comparing the fuelnemy of an American passenger fuel cell
vehicle of 7 kg of hydrogen for 560 km range witle ttonsumption of a European passenger
car aiming at 3.1 kg of hydrogen for a 500 km rafigario Conte in ‘Materials Science and
Engineering Bulletin, 108 (2004) 2-8). FuncHy reféo the requirements on a storage system
for vehicle applications, as proposed by the EumopHydrogen project_"StorHyHydrogen
Storage Systems for Automotive Applications":

reversible hydrogen storage capacity of more thana8s% = 2 Wh/kg (FuncHy: >5
mass%)

desorption temperature of less than 150°C
capacity loss per 10 cycles of less than 0.2%
Storage of 5 kg hydrogen, tank volume less thanl 120

fast sorption kinetics: tank filling within 3 min

State of the art and specific objectives

The research of the Helmholtz initiative FuncHylwidncentrate on the development of hydro-
gen storage materials for mobile applications. Whek will focus on non-conventional storage
materials under considerations of most recent m@hoblogy results on the preparation and
characterization of the materials and the optinopabf hydrogen sorption kinetics. For this,
seven work packages were defined:

Alanates (Dr. Matthias Fichtner, Research Centnéskizhe Gmbbh

Boro hydrides (Prof. Andreas Zuttel, Empa, Diibehdwitzerland)

Amides (Dr. Wiebke Lohstroh, Research Centre KansrGmbH

Reactive hydride composites (Dr. Martin DornheinrkSS Research Centre Geesthacht
GmbH)

Thermodynamic and kinetic characterisation (Dr.véliGutfleisch,_Leibniz Institute
for Solid State and Materials Research Dreyden

64 ECN-E --08-043



Combinatorial search for hydrogen storage matefiidsf. Ronald Griessen, Vrije Uni-
versiteit Amsterdam, The Netherlands)

System integration of selected hydrogen storagemadd (Dr. Nico Eigen, GKSS Re-
search Centre Geesthacht GmbH

At a longer term this Helmholtz initiative shalldeene core of a European network of compe-
tence (work title: "Multi-functional Materials foMobile Hydrogen Technology"). Therefore
already now an intensive co-operation with the Hedltz Virtual Institute "Asymmetric Struc-
tures for Polymer Electrolyte Fuel Cells", with tRaropean Integrated Project " StorHy : Hy-
drogen Storage Systems for automotives Applicaticas well as with the European Integrated
Project " NESSHY : Novel Efficient Solid Storage fdydrogen" is aimed at.

D.4 NESSHY

Integrated Project NESSHY, partly funded by thedpaan Commission in the context of the
6" Framework Programme for Research (6FP), is coateihby the Environmental Research
Laboratory of the National Research Center “Dentokti(EL) and aspires to comprise the ma-
jor European initiative in the field of Hydrogeno&ige in Solids. The project started officially
on January 1, 2006, with a contractual duratiofivefyears.

Objectives

NESSHY aims at developing novel materials, stonagg¢hods and fabrication processes that
provide the energy density and the charge/dischatgeage/restitution rates necessary for mo-
bile applications with spin-offs in stationary ssits. The final aim of the project is to identify
the most promising solid storage solutions for sagplications. The envisaged objectives cover
porous storage systepregenerative hydrogen stores (such as the boratesjriand solid hy-
drides having reversible hydrogen storage and irg@r@ravimetric storage performance. Ini-
tially, two categories of reversible stores will ingestigated — light/complex hydridesuch as
alanatesandimides andintermetallic systems involving magnesium, althodigither catego-
ries may be included later. In all cases, the perémce of different systems will be compared
by a standards laboratory (working in collaboratiath the US DoE standardisation activity).
Further, efforts will be made to understand the lmaetsms involved by innovative modelling
activities. When promising new materials are iderdi industrial and R&D collaborators will
be brought in to upscale the material producticevetbp appropriate demonstration storage
tanks and test out the prototype stores in prdataaditions.

Approach and innovation

NESSHY addresses key issues related to hydrogesgstin solid materials such as new mate-
rials, novel analytical and characterization tcaisl measurement techniques, storage methods
and fabrication processes, ab initio and phenonogiwal modelling. Special attention is paid to
the enhancement of energy efficiency, storage kisiebperating conditions and safety aspects
of produced materials and to the tank design.

The overall S&T workplan involves mainly two difeart types of activities. The verticipe
includes four “material development” workpackagegusing on respective classes of candi-
date solid stores. For transport applications, Bahersible on-board storage” based on porous
solids and metal hydrides, and “regenerative o#rtcstorage”, based mainly on chemical hy-
drides, are addressed. The horizomtetivities include the development and applicatbrab
initio numerical simulation techniques for the potidn of the actual behavior of real storage
materials and the numerical optimization of storagstems, the use of novel analytical and
characterization tools and combinatorial techniquebetter understand the physico-chemical
mechanisms of hydrogen storage in the novel médenaestigated, the development of test
protocols, evaluation facilities, safety and ceéfion aspects in the framework of the Virtual
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Laboratory, upscaling, tank development and testing Dissemination/Training. Participating
parties: University of Hawaii: Mechanisms of Ti-diogp enhanced kinetics. University of Ge-
neva (IEA): New Complex Hydrides. Tohoku Univers{tiEA): Li-Amides Characterization.
University of Singapore: Li-Amides Synthesis andf&@nance. Brookhaven National Labora-
tory — Reversible Borohydrides.

D.5 Current running European projects

(source;_ www.cosy-net.eu/links.hfml

The European Hydrogen and Fuel Cell Technologydthat
http://www.hfpeurope.org/
http://ec.europa.eu/research/energy/nn/nn_rt/nhigfarticle 1261 en.htm

European Hydrogen Association http://www.h2eurd.org

EU IP StorHy http://www.storhy.net/

EU IP NessHy http://www.nesshy.net/

EU IP HyWays http://www.hyways.de/

EU CA HyLights_http://www.hylights.org/

EU MC RTN Hydrogen http://www.mcrtn-hydrogen.eu

EU MC RTN HyTrain_http://www.hytrain.net

HYFLEET:CUTE - Hydrogen bus project__http://www.glddhydrogen-bus-
platform.com/

HYCHAIN - Hydrogen vehicles project http://www.hyain.org/

EU IP ZeroRegio - Hydrogen cars project http://wesvoregio.de/

EU IP AutoBrane: Automotive high temperature fuelellc membranes
http://www.autobrane.eu/

Roads2Hycom - Hydrogen research roadmap http://meads2hy.com/

HyApproval - Hydrogen vehicle approval project bigww.hyapproval.org/

HyWays - European hydrogen energy roadmap httpsimavays.de/
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Appendix E Research Institutes working on metal hydrides Europe-
Japan

GKSS Research Center Geesthacht GmbH, Germangrieddy’s largest research institute on
hydrogen related research areas. Hydrogen puitficatonditioning and hydrogen storage in
nanocrystalline light metal hydrides. Involved gveral projects like StorHy, NessHy EU-FP5
networks FC-TEST-NET and EU-RTN H-Sorption in Mg.

Max Planck Institute fur Kohlenforschung, Germaiye main areas of research are or-
ganometallic chemistry and catalysis and their iapfbn in organic and inorganic synthesis
and metal hydrides for reversible chemical enetgsage.

Institut National, Polytechnique de Grenoble, Laltoire de thermodynamique LTPCM,
France. The main areas of research are develogwgnmaterials on basis of their kinetic and
thermodynamic properties.

Institut de recherché sur I’hydrogéne. The maimsu@ research are nanostructures (Mg) based
hydrogen storage materials and catalysis.

Hy-Energy (Scientific Instruments), Newark Englafithis company can provide, consultancy,
specialized services and scientific equipment alrdgyen storage.

Département de Mines et Métallurgie, Université dlaQuébec Canada. The main area of re-
search is Mg based hydrogen storage materialsaatysis.

IMR Tohoku University, Institute for Materials Reseh, Tohoku University. The main area of
research is Mg-Ni based hydrides.

Centre for the Physics of Materials and Departnoéfthysics, McGill University, Ernest Ruth-
erford Building, 3600 University Street, Montré@luébec H3A 2T8, Canada. Metal hydrides,
storage, Mg.

Institute for Materials Research, Tohoku UniversBgndai 980-8577, Japan
University of Fribourg, Physics Institute, Perolle®)0, Switzerland

NIS Centre of Excellence "Nanostructured Interfaged Surfaces”, Dipartimento di Chimica
I.F.M. Universita' di Torino, Italy. The Centre ef6 a multi-disciplinary laboratory equipped
with the most advanced techniques in microscopyspedtroscopy. The research groups of NIS
of the University of Torino have focused their waitiés on several topics. Hydrogen storage is
currently studied on different materials, includmetallic hydrides.

Leibniz Institute for Solid State and Materials Bash, IFW Dresden, Germany The “Hydro-
gen storage materials” group at the IFW Dresdethiwithe Institute of Metallic Materials,
consists of materials scientists, physicists arehtgbts and has special expertise in the devel-
opment, synthesis and characterisation of noveloswale, light metal hydrides by non-
equilibrium processing routes. Within the EYflamework projecEUCHSIA work has focus-
sed on novel hydrogen storage compounds such asangstalline Mg-based alloys (MgH
Mg.NiH, and MgFeH;) modified with PGM (platinum group metals) or gnite to enhance
kinetics. Work on complex hydrides such as Mg(A+or LiBH,4 is in progress.

Computational Materials Science, Faculty of Scieand Technology, University of Twente,
The Netherlands and Electronic Structure of Makgrigaculty of Science, Radboud University
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Nijmegen, The Netherlands. The group’s main experts in ab initio electronic structure
methods which they have developed and appliedvida variety of condensed matter situa-
tions (metal hydrides, semiconductors, permanergneiic materials, organic materials; (sur-
face) energetics, lattice dynamics, transport,capgxcitations etc.) using both localized-orbital
and plane-wave based methods in all-electron aedduopotential forms.

Instituto de Ciencia de Materiales de Sevilla, @Mi@ls Science Institute of Sevilla). The re-
search group “Nanostructured Materials and Mictastire”, integrated in the Materials Sci-
ence Institute of Sevilla, has a wide experienceegearch in the field of nanomaterials and es-
pecially in the correlation between preparationditions, microstructure and properties. In par-
ticular they have previously investigated the otimta behaviour of nanocrystalline Mg and
MgH2 and the role of transition metal oxide additvduring hydrogen storage in nanocrystal-
line magnesium.

Research Centre Karlsruhe GmbH, Germany. Sevetigltiés on hydrogen storage have been
accomplished at the INT. The main topic of thesek&as the question how hydrogen behaves
in nanoscale materials and their grain boundanesvehether nanomaterials with tunable elec-
tric properties are suitable for hydrogen storabee institute has also developed synthesis
methods for novel nanocrystalline aluminum hydrides

Institut National Polytechnique de Grenoble, Lalbaira de Thermodynamique LTPCM,

France. Using the principles of thermodynamics wittetic calculations, we develop new ma-
terials from undercooled liquids and metastabledsplixtures of alloy and ceramic phases
within appropriate temperature/internal energy tamsts. Among experimental facilities, it can
be founded a high-temperature mass spectrometplemwith Knudsen effusion cells in order
to study vapours and high temperature gases in ofedetermining thermodynamic properties
of different materials: ceramics, electronic conifgosiaterials, alloys, molten salts.

Condensed Matter Physics Department, Faculty oéreei, Vrije Universiteit Amsterdam,
Netherlands. Very recently it became clear that thanges induced by hydrogen in a
switchable mirror material could be used for hyemagraphy, i.e. the 2-dimensional detection
of hydrogen in metal hydrides and the determinatibthe enthalpy of formation thereof. This
opens completely new ways to investigate the hyelnah/desorption in new materials. Explor-
ing the benefits of this technique on well-known2WgH4, it immediately showed the remark-
able compositional dependence of the kinetics dftyen storage in this material. In addition,
certain Mg-based switchable mirrors exhibit a ggiprabsorbing black-state at intermediate
hydrogen compositions between the shiny metallt tsansparent state. This black state offers
interesting possibilities for technological apptioas in smart solar collectors and fiber optic
hydrogen sensors.

Fisica de Materials Il, Dept. Fisica, Universitaitdnoma de Barcelona, Spain. In addition to
most characterisation equipment available in langwersity facilities, this group has worked

with several generations of calorimetric deviced Bnequipped with state-of-the-art equipment
for isothermal, scanning calorimetry and differahthermal analysis. Also available are TGA
devices, Thermomagnetic balances and various eguipfor magnetisation measurements.

Empa, Dibendorf, Switzerland. The section 138, ‘tdgeén & Energy”, at Empa addresses sci-
entific questions and technological problems fropdrbgen in solids to hydrogen as an en-
ergy carrier. The investigations range from thedamental aspects of the hydrogen interaction
with solids e.g. the physisorption and chemisorpt hydrogen on the surface, the hydrogen
induced structural changes of solids like metallat®r transitions, the occupation of interstitial

sites by deuterium and the thermodynamics of hyeldg the lattice. Our experience ranges
from hydrogen sorption in metals, hydrogen in migtalanoclusters, hydrogen adsorption on
carbonous nanostructures, and electrochemical ggdreorption in intermetallic compounds to
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p-element complex hydrides. We develop instruméatshe specific investigation of hydrides
and we have demonstrated several solid hydrogeage@ystems.

Laboratoire de Réactivité et de Chimie des SolldRES, Université de Picardie Jules Verne,
Amiens, France. The research activities of our tasenfocused on the chemistry and physical-
chemistry of solids. The general orientation cdssis developing new synthesis strategies to
optimise the properties of the materials that weppre towards applications. Indeed, the new
synthesis makes the most of the reactivity of puilant materials under special reaction condi-
tions (" chimie douce " methods, mechanical grigyliend are then used for the wished applica-
tion (battery, catalysis, hydrogen storage, elettromism...). The LRCS has more than 10
years of experience in hydrogen storage in formawfocrystalline light element metal hydrides
for mobile applications. More recently interestihgvelopments were achieved in thin films for
applications in switchable mirrors. For instancasdd on our expertise on bulk materials, we
have demonstrated easier and faster hydrogenatiavig-C thin films as compared to pure Mg
ones.
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Appendix F Research Institutes working on metal hydrides USA

Below some laboratories and institutes are listetkimg on storage materials and application
oriented goals in the USA (source: DOE HydrogengRanm, FY 2004 Progress Report, II.F.2
Metal Hydride Center of Excellence).

James Wang Sandia National Laboratories

P.O. Box 969, Livermore, CA 94551 Phone: (925) 2986; Fax: (925) 294-3410; E-mail:
jcewang@sandia.gov

Team Members:

Sandia National Laboratory-Livermore,

Brookhaven National Laboratory,

California Institute of Technology,

GE Global Research,

HRL Laboratories, LLC,

Intematix Corporation,

Jet Propulsion Laboratory,

National Institute for Standards & Technology,

Oak Ridge National Laboratory,

Savannah River National Laboratory,

Stanford University,

University of Hawaii,

University of Illinois at Urbana-Champaign,

University of Nevada, Reno,

University of Pittsburgh in partnership with Carreelylellon University,
University Of Utah,

The Metal Hydride Center of Excellence involveseseuniversities, three industrial companies,
and six federal laboratories. The Metal Hydride t€efocuses on the development of advanced
metal hydride materials, including lightweight, ligapacity complex hydrides; destabilized
binary hydrides; intermetallic hydrides; modifiethium amides; and other on-board reversible
hydrides. The Metal Hydride Center has two mairectiyes: (1) develop improved lightweight,
high-capacity hydride-based materials for vehicapplications, and (2) pursue systems engi-
neering science for the ultimate integration anchalestration of these advanced materials into
a complete hydrogen storage and delivery system.

The Metal Hydride Center proposes to develop ammcid hydrogen storage system based on
parallel research in four classes of hydride-basaterials. These include 1) advanced complex
hydrides of the light elements Li, Na, Mg, Ti, (&, Al, Si; 2) destabilized binary hydrides
(e.g., Li-Si destabilized telease from LiH); 3) novel intermetallic hydrid@sg., Mg-M-H al-
loys); and 4) other on-board reversible hydrideemals, such as lithium amides, that demon-
strate promising hydrogen storage properties. ©hlewing paragraphs are brief summaries of
the work proposed to be completed by each MetakidgdCenter team member

Metal Hydride R&D for Hydrogen Storage

James Wang Sandia National Laboratory-Livermore nBho(925) 294-2786; E-mail:
jcwang@sandia.gov

Sandia National Laboratory-Livermore (SNL) will pla major role in the Metal Hydride Cen-
ter to help coordinate research among the partneaddition to its role in materials discovery
and engineering science. For materials discoveNt, @ill lead coordination of a team that
proposes to focus on complex hydrides and otheridigidbased materials such as the lithium
amides. SNL plans to explore the modification oflism alanates to obtain higher capacity
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without a loss in hydrogen sorption kinetics, Idok new hydrides, develop low-temperature

reversible lithium amides, and investigate novelenals synthesis methods and processes.
SNL will also conduct a parallel effort in safetydaengineering sciences for the design of a
lightweight, high-capacity hydrogen storage systédute: Subject to congressional appropria-

tions, work on this project is anticipated to beigifrY 2005.)

Synthesis of Novel Metal Hydrides for Automotive #isations

James Wegrzyn Energy Research Division Brookhavesiohal Laboratory Phone: (631) 344-
7917; E-mail: jwegrzyn@bnl.gov

Brookhaven proposes to develop and test a newssefialuminum hydrides that have the po-
tential to meet DOE’s 2010 and 2015 system perfooadargets. The research plan includes
investigation of sample synthesis and preparasample characterization, sample decomposi-
tion and regeneration ofaluminum hydride and other aluminum hydride phagéste: Sub-
ject to congressional appropriations, work on ghigect is anticipated to begin in FY 2005.)

Synthesis of Nanophase Materials for Thermodyndiyidaned Reversible Hydrogen Storage
Channing Ahn California Institute of Technology Beo (626) 395-2174; E-mail:
cca@caltech.edu

The California Institute of Technology (CalTechpposes to synthesize nanophase metals and
hydride precursors to improve hydride kinetics sméhvestigate the thermodynamics of nano-
scale systems. The hydrogen sorption properti¢sese nanophase materials will be measured
and evaluated. CalTech will use a novel preparagchnique to synthesize Li- and Mg-based
hydrides that will enable a decoupling of sizeteaflasurface effects from grain boundary ef-
fects. (Note: Subject to congressional appropmatiovork on this project is anticipated to begin
in FY 2005.)

Lightweight Intermetallics for Hydrogen Storage

J.-C. Zhao GE Global Research Phone: (518) 387:8-03ail: zhaojc@research.ge.com

GE Global Research proposes to discover and dewelugh-capacity (> 6 wt.%) lightweight
hydride that is practical and inexpensive for reil#e vehicular hydrogen storage and delivery
systems and capable of meeting or exceeding the P@E/FreedomCAR targets. GE will be
using internally developed high-throughput, comtinial techniques for materials discovery
and characterization. (Note: Subject to congressiappropriations, work on this project is an-
ticipated to begin in FY 2005.)

Thermodynamically Tuned Nanophase Materials foreRgble Hydrogen Storage

Gregory L. Olson HRL Laboratories, LLC, Malibu, CPhone: (310) 317-5457; E-mail: ol-
son@HRL.com

HRL Laboratories proposes to develop and to impignmydride destabilization methods for
thermodynamic control of reactions in light metgtifides with gravimetric storage capacities
greater than 6 wt.% hydrogen. The research wilttifie synthesize and characterize nanoscale
hydride materials and catalysts having the requiiitnensions and structural properties to pro-
mote hydrogen dissociation, diffusion and exchaageates that greatly exceed those in bulk
materials. (Note: Subject to congressional appatiprs, work on this project is anticipated to
begin in FY 2005.)

High-Throughput Combinatorial Chemistry Developmeh€Complex Hydrides

Young K. Yoo Intematix Corporation, Moraga, CA Pbor(925) 631-9005 x112; E-mail:
yyoo@intematix.com

Intematix proposes to implement high-throughput bioratorial techniques for new multi-
element complex metal hydrides in order to delsgitable on-board reversible hydrogen stor-
age materials that meet or exceed DOE/FreedomCAjettafor 2010 and 2015. (Note: Subject
to congressional appropriations, work on this grioje anticipated to begin in FY 2005.)

Development and Evaluation of Advanced Hydride &yst for Reversible Hydrogen Storage
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Robert C. Bowman, Jr.Jet Propulsion LaboratoryPhot(@l8) 354-7941; E-mail:
robert.c.bowman-jr@jpl.nasa.gov

The Jet Propulsion Laboratory (JPL) proposes tceldgvand demonstrate a safe and cost-
effective light-metal hydride materials system thatets or exceeds the DOE/FreedomCAR
goals for on-board hydrogen storage. JPL plandaoacterize and validate storage capacity and
hydrogen sorption reversibility in the destabilizegirides developed by partners under practi-
cal operating conditions. JPL will also develoghtigeight and thermally efficient hydride stor-
age vessels to reduce storage system mass andnexpiily demonstrate their compatibility
with appropriate complex and destabilized nano-phsirides. (Note: Subject to congressional
appropriations, work on this project is anticipatedbegin in FY 2005.)

Neutron Scattering Characterization and Thermodynavtodeling of Advanced Metal Hy-
drides for Reversible Hydrogen Storage

Terrence J. Udovic National Institute for Standa&dEechnology Center for Neutron Research
Phone: (301) 975-6241; E-mail: terrence.udovic @ust

The National Institute of Standards & TechnologySWN) proposes to provide expertise and ca-
pabilities in neutron metrology and Calphad therymaomic modeling as part of the DOE Metal
Hydride Center of Excellence. The support inclufl@sdamental, physicochemical property
characterization of hydrogen-storage materialsgusieutron metrology techniques. NIST will
also combine experiment and Calphad thermodynaroitefting to aid in critical assessments
of hydrogen content, heats of reaction, and pheaetion sequences during hydrogen charge-
discharge cycling of materials. (Note: Subjectdaogressional appropriations, work on this pro-
ject is anticipated to begin in FY 2005.)

Novel Synthetic Approaches for the Preparation @ih@lex Hydrides for Hydrogen Storage
Gilbert M. BrownOak Ridge National Laboratory (ORJ®hone: (865) 576-2756; E-mail:
browngml@ornl.gov

The hydrogen storage development work at ORNL hasit@ objective to achieve the
DOE/FreedomCAR system storage targets for 2010tr&@ldp this effort is the development of
new methods of preparation of a suitable varietyhigh-content hydrogen compounds. The
ORNL team has expertise in the synthesis of orgaatallic compounds by solution-based syn-
thetic methods, and they will apply this knowledgeprepare Ti-catalyzed NaAjrnd other

complex hydrides by solution methods. (Note: Sultfiecongressional appropriations, work on
this project is anticipated to begin in FY 2005.)

Hydrogen Storage R&D at Savannah River

Ted MotykaSavannah River National Laboratory (SRAigne: (803) 725-0772; E-mail:
ted.motyka@srs.gov

SRNL will concentrate its efforts on looking at @nelectrochemical process for charging alu-
minum to aluminum hydride, or alane. The SRNL psscis currently being patented. Alanes
have a 10 wt.% hydrogen storage capacity. Recentitseby other researchers indicate that
alanes can be decomposed at reasonable condititmshe addition of the proper catalyst or
dopant. The biggest challenge, however, will beeicharging the material. (Note: Subject to
congressional appropriations, work on this proigenticipated to begin in FY 2005.)

Thermodynamically Tuned Nanophase Materials fordRable Hydrogen Storage: Structure
and Kinetics of Nanoparticle and Model System Matsr

Bruce Clemens Stanford University Phone: (650) 7255; E-mail: clem-
ens@sierra.stanford.edu

Stanford proposes to develop an understandingeofiynamics of hydrogen diffusion and phase
transformations during hydrogenation/dehydrogematio nanoscale materials using real-time
in-situ synchrotron x-ray diffraction. They alsaplto develop model nanostructured materials
systems using the flexibility of physical vapor dsjion to engineer atomic-level structural and
chemical features. (Note: Subject to congressiappfopriations, work on this project is antici-
pated to begin in FY 2005.)
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Fundamental Studies of Advanced High-Capacity Rebler Metal Hydrides

Craig M. Jensen University of Hawaii at Manoa Pho(808) 956-6721; E-mail: jen-
sen@gold.chem.hawaii.edu

The University of Hawaii proposes to determine ¢themical nature of the titanium species re-
sponsible for the enhanced dehydrogenation andydesfenation processes in Ti-doped
NaAlH, and elucidate the mechanism of action of the dapartiey also plan to explore re-

versible hydrogen storage materials based on congbleninum hydrides as well as “thermo-
dynamically tuned” binary hydrides, each with ade7 wt.% materials-based gravimetric ca-
pacity with potential to meet DOE 2010 system-letaefets. (Note: Subject to congressional
appropriations, work on this project is anticipatedegin in FY 2005.)

Metal Hydride-based Hydrogen Storage MaterialsrucBtre, Chemistry, and Electronic Struc-
ture

lan M. Robertson University of lllinois at Urbandx&npaign Phone: (217) 333-6776; E-mail:
ianr@uiuc.edu

The University of Illinois plans to determine theustural, chemical and bonding changes oc-
curring during the hydriding/dehydriding cycles fcandidate complex hydrides, other light-
weight hydride materials, and destabilized bingrgirides through combining advanced charac-
terization tools including controlled-environmenrartsmission electron microscopy and multi-
ple-scattering density-function-based methods. @tetion of the role of impurities and con-

taminants on charging/discharging properties ianqea as well. (Note: Subject to congressional
appropriations, work on this project is anticipatedegin in FY 2005.)

Effect of Trace Elements on Long-Term Cycling arginy Properties of Complex Hydrides
Dhanesh Chandra University of Nevada, Reno, Metgltal and Materials Engineering Phone:
(775) 784-4960; E-mail: dchandra@unr.edu

The University of Nevada proposes to determinedffiect of contaminants during hydrogen
cycling and aging and observe any degradationenhifdrogen storage properties of complex
hydrides, including Li amides. They also plan tealep complex hydrides and to characterize
the hydrides using elastic and inelastic neutr@ttedng, in-situ neutron work using a portable
Sievert’s apparatus, and in-situ X-ray diffractigiblote: Subject to congressional appropria-
tions, work on this project is anticipated to begifrY 2005.)

First-Principles Modeling of Hydrogen Storage int&léHydride Systems

J. Karl JohnsonUniversity of Pittsburgh (In colladtion with David Sholl, Carnegie Mellon
University; sholl@andrew.cmu.edu) Phone: (412) 6844; E-mail: karlj@pitt.edu

The University of Pittsburgh plans to use Densityn&ional Theory methods coupled with
Monte Carlo techniques to predict the heats of &iom and finite temperature phase stability
information for a variety of metal hydrides of irgst. They plan to calculate the structure, inter-
facial energies, work of separation, and electrgmaperties of a number of different alanate
interfaces and study the role of Ti doping of theMNH . phase on the dehydrogenation and

transport reactions. (Note: Subject to congressiappropriations, work on this project is an-
ticipated to begin in FY 2005.)

Chemical Vapor Synthesis of Nanocrystalline Binangl Complex Metal Hydrides for Reversi-
ble Hydrogen Storage

Prof. Z. Zak Fang University of Utah Phone: (80&818128; E-mail: zfang@mines.utah.edu
The University of Utah proposes to develop a chamiapor reaction process for synthesis of
nanosized complex metal hydrides that meet revibrgiand kinetics requirements with at least
7 wt.% materials-based gravimetric capacity ang ${/L materials-based volumetric capacity,

with potential to meet DOE 2010 system-level tasg&hey also plan to demonstrate the feasi-
bility and economical viability of the synthesisopess. (Note: Subject to congressional appro-
priations, work on this project is anticipated &glm in FY 2005.)
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F.1.1 Center of Excellence carbon nanotubes

In July 2003, the DOE issued a “Grand Challengethi global scientific community for re-
search and development in hydrogen storage with opmpetition to universities, industry and
national laboratories. This "Grand Challenge" chfler the establishment of hydrogen storage
Centers of Excellence on Metal Hydrides, Chemicaliidgen Storage, and Carbon-Based Ma-
terials, with multiple university, industry, anddferal laboratory partners. In addition, independ-
ent projects were solicited on new materials anttepts, off-board hydrogen storage systems,
and analyses of life cycle cost, performance anvir@mmental impact.

The new Centers of Excellence and independentgispjeogether with existing DOE hydrogen
storage efforts, constitute the framework of theidtel Hydrogen Storage Project. The Secre-
tary of Energy announced the selections for therbtyeh Storage Grand Challenge on 27 April
2004. The DOE plans to provide funding at a lefe$150 million over a five-year period (sub-
ject to congressional appropriations) for the NaloHydrogen Storage Project. The result of
this R&D effort will be the development of hydrogstorage systems capable of meeting the
long-term DOE targets. Complementing the Grand Iéhgé, the DOE Office of Science issued
a solicitation in 2004 for basic research to helproome key hurdles in hydrogen production,
storage, and conversion.

The Metal Hydride Center of Excellence targets dbgelopment of advanced metal hydride
materials including light-weight complex hydridekestabilized binary hydrides, intermetallic
hydrides, modified lithium amides, and other onfdo@versible hydrides. This Center involves
seven universities, three industrial partners,sandederal laboratories.

The Chemical Hydrogen Storage Center of Excelleagets three "tiers" of R&D for chemical
hydrogen storage: borohydride-water, novel boroendktry, and innovation beyond boron.
This Center involves seven universities, three $twdal partners, and two federal laboratories.

The Carbon-Based Materials Center of Excellenagetarbreakthrough concepts for storing hy-
drogen in high surface area sorbents such as hghritbn nanotubes, aerogels, and nanofibers,
as well as metal-organic frameworks and condugiislgmers. This Center involves seven uni-
versities, one industrial partner, and four fedkabratories.

The National Hydrogen Storage Project also involadependent research projects that explore
promising new hydrogen storage materials and cdacefi-board hydrogen storage needed for
a hydrogen delivery infrastructure, standardizestiig of hydrogen storage properties, and
analyses of life-cycle cost, energy efficiency, amironmental impact for hydrogen storage
systems. Some of the new materials/concepts béulied are nanostructured materials, amine
borane complexes, metal perhydrides, clathratéguih nitride, and irradiation activation of
materials. With the plan to initiate these projeictsFY2005, early results will be reported
within the next one to two years.
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1. Coordinated by DOE Energy Efficiency and Rende/@mnergy, Office of Hydrogen, Fuel
Cells and Infrastructure Technologies

2. Basic science for hydrogen storage conducteaighr DOE Office of Science, Basic Energy
Sciences

Sourcehttp://wwwl.eere.energy.gov/hydrogenandfuelcebstgie/national proj.html

F.1.2 Hydrogen Storage, Engineering Center of Excellence

The U.S. Department of Energy's (DOE) Hydrogen,| Eledls & Infrastructure Technologies
(HFCIT) Program plans to solicit applications framultidisciplinary teams to advance on-
board vehicular hydrogen storage systems. The HRZbgram will release a funding opportu-
nity announcement (FOA) in the December 2007-J3R2@08 timeframe. The team selected to
receive the funding will become the DOE Hydrogear&ge Engineering Center of Excellence
(CoE). It is envisioned that the CoE will be comspd of industry, university, and federal labo-
ratory partners leveraging their diverse technieglabilities and facilities to operate as a virtual
Center of Excellence.

Pending congressional appropriations, total eséith&inding available is $25-$35 million over
approximately 5 years, with the expectation of aivay one team to complement the existing
National Hydrogen Storage Project activities.

The Hydrogen Storage Engineering Center of Excedlenill focus on the research and devel-
opment of on-board vehicular hydrogen storage systihat will allow for a driving range of
greater than 300 miles. Specific objectives ofrtee CoE are to:

Develop an understanding of storage system reqeim&srfor light-duty vehicles and
design innovative components and systems with dbenpial to meet DOE performance
and cost targets.

Develop innovative on-boamystemconcepts for materials-based storage technologies.
Develop and test innovative concepts for storapesgistems and component designs.

Develop engineering, design, and system modelsatidress both on-board subsystems
and the fuel cycle, including refuelling, thermaamagement, and the storage-delivery
interface.

Design, fabricate, and test subscale prototypeuried, components, and/or systems
based on adsorbents, advanced metal hydrides,rardfmical hydrogen storage, based
upon a go/no-go decision to be made by DOE.
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