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WO 2008/076076PCT/SG2006/000400 PROCESS FOR RELEASING
HYDROGEN GAS Technical Field The present invention generally
relates to a process 5 for releasing hydrogen gas and to a system for

i pfefiEAig the process. Background Hydrogen storage alfSyEreifieraccao
an efficient metho8ROTBESIONAY FALFGS TNy HEGRAREEN dMmBortant
source of energy in view of the impending depletion of natural sources of
fossil fuels. Hydrogen is an energy carrier that is capable of storing and
releasing energy when needed & 4#HeGry EiRelsroduct of hydrogen

during 1brzombustion:s waler itisreggsded-as aclean gods to a process
environmentally benignant alternative source of energy to fossil fuels.

Fafther, diie £6 the' ide BEUNIRREe ofFydrog@Rn theenvifonmighg=em  for
miaking:np90% of allanatter; dydrogen is regarded as a renewable source

of energy. 20 There are a number of known methods for extracting

hydrogen, which include: (i) reforming, during which hydrocarbons react

with steam to produce carbon mof@gd#eapEtidrogen and wherein the

carbon moReXxiges Wn%m%ﬁgﬁ@%ﬂ%?”%s@ﬁ%wﬂ%ﬂ W< hoa

25 high temperature thermochemical production from water; _andk(iv) from
offanientE i sPMRESER hydrdgBHT PBfRvEr oAe tHEFidragen gource of
obtained; it needs iebe stored for itsi furibertisage depl = SoMme examplesural
of hydrogen storage systems include 30 liquid hydrogen, compressed .
hy é@%ﬁsgagf" c%—%ﬁéérpﬁgﬁ%ﬁs’temg and ?T?géll hly%driééls sey%?e‘rﬁg. ) I
Licjuick hydrogerastordge sySterns oriHydregen exisissmsthediquiciphgse when
ah@dipmely oy lemperaliyes of 20K a1 -2h3a, therelare 4 AI8aL AMOUY: s ng
WO 2008/076076PCT/SG2006/000400 of energy is required to chill and
corpressTthetliquid hydfdgetr inta Storade taik&2 FifRer ahe storagesan  and
tasks Musite, Song epeugly e storesthesliewie hydrogenrmderpressdiesy o
and must be.insulated in order to preserve the low temperature of liquid
hydiogen. Tharetore, this method s egi(e[ﬁ%nsﬁ/% dié'to t%')iéL %%ef%?%#eaﬁce of
amotntgyeieneargy and forsafenneinforcedsstoragettanks that meet thenatter,

ahove-criteria: 1) Compressed hydrogengas storage systems ... o,

There are a number of known wmethods for sxiracting

hydrogen, which include: (1) reforming, during which
hydrocarbons react with steam to produce carbon monoxzide
and hydrogen and wherein the carbon monoxide is
subsequently remcved: {ii) electrolysis from water; {iii)
high temperature thermochemical production from water; and
(ivy from organisms that synthesize hydrogen. However,
once the hydrogen is obtained, it needs to be stored for
its further usage.

o

Some examples of hydrogen storage systems include
liquid hydrogen, compressed hydrogen gas, cryo—adsorption
systems and metal hydrides systems.

i} Liguid hyvdrogen storage systems

Hydrogen exists in the liguid phase &t extremely low

tempsratures of 20K or -253°C. Therefore, a greal amount
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wa@c&%a%(%(:h tanks is a major concern. Moreover, a great amoy

10Hydrogen gas is compressed into high-pressure tanks. High pressure
tanks can reach a pressure as high as 10,000 psi (700 bar) and hence,

of
energy Is required 20 that of the gasoline tank. iii) Cryoadsorpé[]['lgc?r({ﬁm(}‘w0

SstemiE T IYCrySadsorptidit Sy steinstartla spetrdl typBBigFaphitas Liquid
stoeageythat israble to-adagd hydrogen. Theivelume ofithe 0884 it tanks

%o%l%d %t liqujd nitrogen tgm erature 25 196(%{]in.](_)rder,tg rgd ce its

voliihe"A high presstife of about 1606 b&i is tenapplied if 0rdei o fords te*
thesadsorptionrof hydedgehontotitielgraphitel storageéesystem. tHHowevere  the

this,methqd requirgs.the need for exireme temperatures and pressures ., .

that can be a safety concern. 30iv) Hydrogen storage materials Hydrogen
Sprage miferiatsre caisatte 8f atsofbifig afidholdiiy BYGoHerte forRfe of
bydrides.Such hydrdessinglude metabhydrides apdcamplet ks that meet

+h}édrid%s.Most metal ,
{he apove criteria.

ii}) Compressed hydrogen gas storage systems
Hydrogen gas 1s compressed into high-pressure tanks.
High pressure tanks can reach a pressure as high as 10,000

-

psi (700 bar) and nence, safety of such tanks is a major
COnCersn. Moreover, a great amount of energy is reguired
to COoOmMprass hydrogen gas ieading to high costs.
Furthermore, the space that the compressed hydrogen gas
cccupies is usually much more than that occupied by
gasoline. As an example, a hydrogen gas storagse tank that

has the same amcunt of energy as & itraditional gasoline

tank will occupy a space about 3,000 times greater than

that of the gasoline tank.
1ii) Cryocadscrption systems

Cryocadsorption systems are a special type of graphite
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storage that 1s able to adsorb hvdrogen.

‘the gas is first cocled at liguid nitrogen temperature (-

196°C) in order to reduce its volume. A high presssure of
about 1000 psi is then applied in orxder to force the
adsorption of hydrogen ontoe the graphite storage svstem.
However, this method reguires thae need for extreme
temperatures and pressures that can be a safety concern.

iv} Hydrogen storage materials

Hydrogen storage materials are capable of abscorbing
and holding hydrogen to form hydrides. Such hydrides
include metal hvdrides and complez hydrides. Most metal

elements in the periodic table of elements can react with

z
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elements in the periodic table of elements can react with hydrogen to
form metal hydride. As an example, such metal hydrides include

magnesiem hydrides-anclithium hydrides. Formeta) hydsides, they can,, . -
Q}cc%[ %Loﬁur giﬁe{¢n1 forms such as AB5 hydrides (e.g., LaNi5 hydrides), B
ABfydrides 5" (e"q C FeTihydfdesi" AZE hydfidss (87, Mg2Nihydritles)r i des .
dnd AB2hydrides {e.gs £rV2 hydrides). Ferzmetal coraplex hydrdes,_ .. . -
Qy1drfogencad7$grptimon  can occur in metal alanates, metal boron hydrides,” ~
metal amides-and Hietalfides. Die to thé Base bF Sforabisand 28 hydrides
transportalien-of hydroger 40 storagematerialshydrogen storage ydride
materials are a promising solution for storing hydrogen fuel. While
hydrogen storage miateriafs dre promising iaterists for theirhydrogen com
storage! ability; yateat whichrthese materials release;hydrogen.gas may he
rg{.gmaeyvhg/t\ ;gqslgﬁwv agd‘oitgn req;liires heating to obtain an adequate
reléase of hydrogen. Furthiermbie; knofh processad fortéleasingides . D
hydrégen gassfromdiiese hydrogen sterage materials-arenot particularly .. |
£expeditious and hence, hamper the use of these materials as hydrogen’
storagé 20 materialsin applications Ahich réquire d felativeRFfast felease r =
rof hydrogen for Use, foriexample;as afyel: v+ There is.a-need to provide

a procgss tq release hydrogen from hydrogen storage materials that
overcoﬁhﬁésf%m at ‘I"\égé“tgéjrﬁé% iorates, ro%%eor mioré of the-disadiaritagess oms sing
"Z5deseAbed dbovet Sammary Accgrdingstocone:embodiment, thereds ..
provided.,a 30 process for releasing hydrogen comprising the step of
mﬁiﬁ%%ﬂﬁﬁ%ﬁnﬁiﬁ%ﬁ%&rﬁég pﬁﬁ%%@s%isﬁ%’?%& Amongtheffial prémpfepewhat
Sparticlesyhderfeonditionsdo releasersaid bydrogen frem-said, hydrogenic ozt =
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relorage-parii iyarogen. Furthermore, known processes for
A em e o e e :

sE-s&sing hycrogen gas  from  these  hydrogen storage

materials are not particularly expeditious and hence
n T ence,
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There is

Summary

According to cone embodiment, there is provided a

process for releasing hydrogsn comprising the step of
irraaiating hydrogen storage particles dispersed among
thermal promoter particles under conditions to relsass
said hydrogen from said hydrogen storage particles

[F8



In a first aspect, there is provided a process for releasing hydrogen
comprising the step of irradiating hydrogen storage particles dispersed
among thermal premoter.graphite.parficles using radiation in the
rMigrowave, range to relegge(fgéid h?l/%rogers;l rorﬁ9 ggjv %‘tﬁé{r]ogéen Soragas  for
particles. Advantageolsiy®the tHsrmal proni6ter partiélessinian admiktrneogen
stgﬁomg}jyhgrﬁ@g?#ﬁb?ag@mkﬂe@ugcrml : th&krtar.liaﬁ@ﬁt hygfg@gl@@ggleﬁgaﬁhite
pafrom: ydrogen starage-tharti elati rate of release without
nySid thermal promater particles. %%Jl%n %%Eé%eér%%g%irﬁgﬁtcferad?atﬁ)%l%aﬁ'u% said
microwave range may'be Used iR theifadiatdn st - In one
embadiment sthere isiprovided a hydregen release system comprising: an ~ _
- enclosed chamber; | a mixture of hydrogen storage particles and T
““thermal promoter particles dishosedwithii saidfericlosetbchambeezses  the
raan irradiation sonteescapaple ef:iwadiating the mixture withinsaid. . .
enclosed chamber; ~ wherein in use, said irradiation source irradiates i
'said mixture to release hydrodenrom¥ai hydrogen storage partictesinte 2 id
Thasaigechambero t = Iva secend aspect, there is provided a hydrogen
relea,s}e system, gg\mggirsqigg:_ an enclosed chamber; a mixture of hydrogen
storage particlés and thermal profotet graphité particies disposed withimange
ma ysaickenciesed charnber; anda micrewavewggnerator capable of irradiating
the mixture within said enclosed chamber in the microwave range;
whergifi iy uS& Said Ticrowade souFce iradittds said mixture in said
hycmicgewavesrangedo selease hydrggen from-said hydrogen storage
particles intg said chamber. In one embodiment, the irradiation
soufce r%%%gboes & MiGrowWave generator. In a third aspect, there is provided

a naeleasecsysten yehicle comprising: bydrogenof-the -1 - ang chevmal

ke d my e e —~ - - ] PRPLON VI S . hl 3
promoter particles dispeosed within sazid enclosad chamber;

.
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and

whereln in use, sald drradiation scurce irradiates
said mixturs to release hydrogen from said nydrogen

In a second aspect, there is provided a hydrogen releass
system comprising: an enclosed chamber; & mixturse of rydrogen
storage particles and thermal promoter graphite particles
disposed within said enclosed chamber; and a microwave generator
capable of irradiating the mixture within said enclosed chamber
in the microwave range; wherein 1in use, said microwave scurce
irradiates said mixture in said microwave range to release

‘hydrogen from said hydrogen storage particles into said chamber.

4-_[\_&



second aspect. In one embodiment, there is provided a bekici.c- which
unH1Hz"c the ctnIC of icbadioctHbg hydrogen storage particles dispersed
among:thegmal promgter particles under conditions to release hydro.nen
from the hydrogen storage cérﬁoleéﬂd’r ue'as a Cuelinthetidie, c® Taa be 2
T¥ourthaspect théreds provided a vehicle which utilizes the step of

irradia__ﬂng hgggqgeg %@'@g %réig&lfesi 9i§£§£§,§g among thermal promoter
__graphite particles using radiation in the microwave range to release
Hydfogen fromisaicshydfogéh storagetpartictes, for Lise as a fuekinsaid o7 1.
s vehicie. = - dn-one embodiment, there is provided use of thermal

Pepen

promoter particles in admixture with hydrogen storage particles to promote
releaSe 6f ydirdgemhiwhile thethydrogenystorage:patticles are being
vairradiated.;r.; -t afifth-aspect, there isproyided the use of thermal
__promoter graphite particles in admixture with hydrogen storage particles to” =2 &
®“profiiote releasdé of RydrogeR while saidchydregenstorage: pattisles arer e« =
pabeing ireadiatedhusing.radiation in.the microwave range, . In a sixth,
. aspect, there is provided a kit of parts for. releasing hyd%b@ﬁﬁﬁ@n ased"
“Yin'a Brocess as defiredin tie firseaspect 6Ewhen used as refered 10 iR + ha
vethedfifth aspect, the kit .comprising: hydrogen storage particles; thermal
promoter graphite .particles; and instructions for irradiating a mixture of
saidydrogér storage:particies and:said thermalprometer.partigles. using  ; -,
ut fadiation inrthe migrowave ran. ile. resident.within an enclosed o
4: Shamber to rgIea\se}%:yp(ejrgge%llfgr%r%lK %ﬁdgﬁyd%%%ﬂdﬁ%?ages %%rrﬁgffes?ﬁﬁ ticles
enclosed chamber reféasE tydrbgefitrsim safth Aydfdgen storageles  using
ragetfieles, i fyetmnother embodiment; sherelis previded hygagen 8as s 1 4
nygenerated freny & Prosessi1GaMpEsing the step.of sz i%%”%?k’gr%%%gca o
storage poaJQC|eSHEEj§ eIrnsed%amor]g thermal promoter particles under™ "~~~
conditions 10 reléase the Rydrogert from the hydrogehtstorage particleshe rmal
PrOyefifitions Tt Thsfollowingniords and termsysed herein shallhavesthe: 1«5
to meaning-indicated:se  The term. themal promoter particles feertoany
paRarticles ypéc@ggrmgorisgrgp%gggl‘capable of promoting, thérmal heating o
the hydrogen storage particles While the hydrogen storage particles are
bein§ irfadiatéd THe RG AT includesematerials tvatiare highly conductivene rma
preand thereforenirhich reflecttheselectromagnetic-tadiation falling.on them e
~a fowards the hydragen stor: articles. Exe N lary highly conductive _
: . materials in_*c_lulgegr%%st?S met%aglggﬁ(e:h as QE@’U%FI?HA‘%Q{%%%‘? th&“P8rigdicrogen
Table G EISHEE sGCl ad afutfindm: GrbtipedI TIB meatalsof theiReriodic the
micTapkerof Efernents such as iron, nickel and cobalt, Group TB metals of the
Perindic: Table:of Elements sueh as gold,siver,.copper, GroupNTIB: . o,

rel%g%§%ﬁo%g%%ogen when used in a process as defined in the first

(i

h
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aspect or when used as referred to in the fifth aspect, the kit
comprising: hydrogen storage particles; thermal promoter graphite
particles; and instructions for irradiating a mixture of said,
hydrogen storage particles and said thermal promoter particlesi
using radiation in the microwave range while resident within an
anclosed chamber to release hydrogen from said hydrogen storage

particles.
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Periodic Table of Elements such as manganese, Group VTB metals of the
Periodic Tsable of Elements such as chromiuig, Group TV=, metals of the
Periodic.T able of Eleraapts:suchas WQ,2008/076076RCLSG200600400

titanium.and Group 1IB metals of the Periodic Table of Elements such as

gﬁg%g?ﬁ%cw&%%%% hll%/% and nikiires Ih8FEof. The term also includes

thermahgondugtor materiats:whigh-may;nat reflect radiation but 5 may also

be capable of promoting thermal conduction of the hydrogen storage

particles as these Materials Undérgotieating viilé being irradiated and

which transfer:theirdreat byreondugtion:with the, ydrogen storage gartig!_es L

wvith. which they, are in contact. An example of a Suitable 10 thermal =~ ==*¢
conductor material includes efeménts fronfike GroupdVALVAand VIAf smot ~ -

Rhe Periodie Table of Elements=such as earbon, silicon,. phosphor, sulfar.

and.its allotropes. Also included are the complexes and mixtures thereof ==~
15The term“hydrogen storage farticles 1&fe7 16 ahy particteswhich c Les .
Gaimple s ychogen Sags paTElos nclud el Fyditoe, 75" 922
complex metal h drides‘? rpfet%%nitr?doemjs%rrﬁéfarf%m}"‘&"éas, Metal iMides, Thetdlating
20 alahates. metaPBordtt hiydrides arfy esmipteses anehmixturesthereqh omoter

RS an‘examplesthe constituents:of the hydrides are.selected from,Group .,
Hi Srpup HAs Group A, Group VIIIB, Group IIIB, Group IVB, Group VS

and Group VA of the Periodic Table of Elements, and mixtures thereof.

Some 25 exemplary hydrogen storage particles used are magnesium

hydrides, lithium hydrides, lithium imides, lithium amides, lithium nitrides,
lithium alanates, lithium boron hydride, sodium imides, sodium amides,

sodium nitrides, sodium alanateﬁé%odium,boron hydride, magnesium
.. . . I IIL TN . .
imides, 30 magnesium amides, magnesmrﬁ’ﬂﬁndes, magnesium alanates,

magnesfuni-hickekhydrides and mixtdresdhereof:sed THEMY 1ot have
tﬁiga{g@ggrﬂ}j% tq be interpreted broadly to include any electromagnetic T

radiation according to the Electromagnetic Spectrum. Some examples of

WO 2008/078076PC¥/8G2006/000400 cr particles’ refar +«q any

arts for

r

mErticsls WA } - ; ) 7
FELoCle5  wWhleh  comprise materiazl capable of promoting
h . ML H iy

3 B W W - 3 3
Bg on them towards the hydrogen storage particles
a

ry highly conductiv sterials inel
% ghly conductive materials include most metals
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W%g]%[)gy{%%broadly to include any electromagnetic waves t:}%‘@ﬁ%ﬁ%(
r : S | Z. .

electromagnetic radiation include radio waves, microwaves, infrared,
ultraviolet, X-rays and gamma rays. The term 'microwave’ is to be

6/000
equencies in the range of about 300 MHz to about 300 G IS ré)ng(((eﬂm

Carr BB diidéd htothe Uiraltigh fréGdemcy Pange st 05810l 3Gz, fidle of
Superhigh frequenceangs at3 to 30.GHz apddheextrenaely highi1oyvs  andg
%gg%%ggqranggeog gggo 300 GHz. Th% commaon sources og microwaves

are microwave Ovens that 10 emit micrGWave radiation &t & fféttiency 6F 702
abogt2:45:0. 945, ¢oris: 8 GHe Theworl/'substantialy doesnotexthideon  but
icompletely’.e.9.a.composition which.is ‘substantially freey from ¥ may. .,
be completely free from Y. Where 15 necessary, the word "substantially
Mgy e Bittéd Frehy the Béfiritien ©F thémverliBie  "Ohkssxpecifisddiergo
ptherwise, theltesms,comprisingz andreamprise” .and-arammatical »  tnejr
variants thereof, are intended to represent "open" or "inclusive" language _
et 20°that 1HEY THAIGGR redie elemiEntS BAE AIR6 perit TR TsIOR Y- Les
additional; tnredited elements. conAstsed hereirtheteem Sgbout's il thesl =

fco rations of companents of the. formulations, typically N

A" 95 o the Stted Salue. more Bpically 35 - 408 o the =1
Varerek more typically i 396-0f thé staed vatiié cmbte Bpicetly, 4£2% ofinents
the-stategvalue, .aven more typically +/- 1% of the-stated vatue, and.gven ., . .
mare typically +/- 0.5% of the stated value. Throughout this disclosure,
engin éMbodinierits may30°66 distibsed ira (e foRaL. t¥hobirbe s ==
tinderstdod that the description in range format is merely for convenience
and breyity and should not be construed as anjgﬂqul&eslimitatign onthe )
scope of the disclosed ranges. Accordingly, the description of atange © =Y
BRAGUMBes which comprise material capable of absorbing or

desorbing hydrogen. As an example, such hydrogen storages

particles include metal hydrides, complex metal hydrides,

metal nitrides, maetal amides, metal imides, matal
alanates, metal boron hydrides and complexes and mixtures
thereof As an example, the constituents of the hydrides
are selected from Group IA, Group IIA, Group IIIA, Group

VIIIB, Group IIIB, Group IVE, Group VB and Group VA of the
Periodic Table of Elements, and mixturses thersof. Some
exemplary hydrogen storage particles used are magnesium
hydrides, lithium  hydrides, lithiuvm dimides, lithium
amides, lithium nitrides, lithium alanates, lithium boron
hydride, sodium imides, sodium amides, sodium nitrides,
sodium alanates, sodium boron hydride, magnesium imides,
magnesium amides, magnesium nitrides, magnesium alanates,
magnesium~nickel-hydrides and mixtures thereof.

The term ‘irradiation’ is to be interpreted broadly
to include any electromagnetic radiation according to the

Electromagnetic Spectrum. Some examples of

(93]
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considered to have specifically disclosed all the possible sub-ranges as
well as individual numerical values within that range. For example,

W(():Igosa%gl%{on of a range such as from 1 to 6 should be conS|dPeé%

Q.h.

Speci |ca'lr3§ disclosed sub-ranges such as from 1 to 3, from 1 togé'é(r)n%in?gmg
=5 SfFOTRRIA o 2076, From'™3 to 6 et Sas el s iRdvidual htimbers ==
;within.that rangerforiexpempler 12,3, 4k anshthal hisapplies regardless

of the breadth of the range. 10 Dlsclosurg QgeOpgopakgr adiments dly to

h
Exemp Ty,‘h%%—r\imixﬁﬁﬁ embodiments of a proceélsL?Or‘rg%eggéng hydrogen
igas wilknaw be dlisctosedikire process 15scopiprisasithe stég@rencies in

Jirradiating hydrogen storage payficles.dispersed among-thermalpromoter s oo

particles under conditions to release the hydrogen from said hydrogen _
cstordge phkidlesd 1ntoTHE Rragidting Stepndy BE ¢arfdd oG %ing20 ¢ - 3
Jadigtion;sourees such,as radig waves qnicrewaves, ifrased, Ultravialet, chiz
X-rays and gamma rays.The microwaves ma¥_ be used.as. .the source of ..
Aradialien. The Mtfowavisdhay be S84t prédiice High temperatures '
Tuniformlyhinside @:materiab Ascompared e canventibpnab2s heating nfeahBat

which may result in heafing.only the external surfaces ot.a materigd.  apncut
e two main mechanisms of microwave heat ng are dipolar polarization
Zarib eénductionatieéh&niSA¥ Dipolar polarization is a process by which

heat ig.ggnerated,in 30 pelajneleecules: When anselestromagaetic field:-isude
applied, the oscillating nature of the electromagnetic field results in the,

RevetehEofthe Bofar mdleCBE a8 théytry t874ffgh in phase with the ~=~ -
- field-Howewer, the Hitef-mpleculasfprcesexperiéneed by:ithe polar Where

nrgg!ggg!aersychizlgoa‘é%gép?@gt%ré%gggggioloyo’élo%ay bhe omitted from
the definition of the invention.

Unléss specified otherwise, the fterms "comprising”
énd "comprise", and grammatical variants thersof, are
intended to represent "open” or "inclusive" language such
that they include recited elements but alsoc permit
inclusion of additional, unrecited elements.

As ﬁsed herein, the term "about™, in the context of
cencentrations oL components of the formulations,
typically means +/- 5% of the stated value, more typically
+/~ 4% of the stated value, more typically +/- 3% of the
stated value, more typically, +/~ 2% of the stated value,
even more typically +/~ 1% of the statsd value, and‘even_
more typically +/- 0.5% of the stated value.

Throughout this discleosure, certain embodiments may
be disclosed in a range format. It should be understood
that +the description in range fcrmaé iz merely for
convenience and brevity and should not be construed as an
inflexible limitation on the scope of the disclosed

ranges. Accordingly, the description of a range should be

7
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- "W, ab6iit 200 W to

effectively prevent such alignment, resulting in the random movement of
the polar molecules and generating heat. Conduction mechanisms result
in the generation of heat due to resistance to an electric current. The
osgllating nature, of the electiomagnetic field.causes oscillation of the .,
electrons or ions in a conductor sUch that'an électric current is generated, -
Theiktenta Tesistance facetbbyithd slécirie turremeesultslin thelues within
grneration, gL heat A0Withoys beina bound by theory. be iventars of the, 2
present invéntion theorizes that some of the 'selected thermal promoter )
pafticles, stich ds forlexamplebearton fayeaiddn the heéating andecifically
gxcitation.of the. hydrogen storage.particles at the;malecular level.such - -,
that 15 hydrogen may be released more quickly via thermal conduction e
‘mMéchahisht, For exampleZas earbon @6e% nat éxhibit-anfdipolé o 6 etc.,
fmomgepts, it istheorized that,the microwave hegting mechanismofthe .~ -,
present invention is not via dipolar polarization. Furthermore, the inventors
DtPfReofizes!that materiats:with high @lectrical:éonduesivities that hrave tvess of
ahility fo. reflect microwaves glso promote heating and excitation of the
hydrogen storage particles at the molecular level due to the reflection of
the microwaves energy. Exemplary materials 25 include aluminum and
iron. However, it should be noted that this is only speculation to explain
the phenomena observed by the inventors in the course of undertaking
experimental tridlé: SFHePERG8 MEchRTsARFdr fenscossd-thermal
promotesparticles mayhe-different-30 dhednicrowaves may-beapplieds .,
at a power in the-range selected from the group consisting of about 30 W
o about 180 KIM=Hout 36 ¥ 16/ About’ 50 R, 3b6t-36 W to aB6tit 12pocess
KWL abeuts30 Whte abeut=100 KW, about 30 W e @hout;50-KW, about30- -2 4 -
W to about 25 KW, about 30 W to about WO . '
F26081076076PCHSENMWEONMM 15 KW abstt $oW 16 absat iC°KAE  vnd
caboit 30W to about & KW aabout:3%:W ke abeufeh KW ahout30W 10,y 3 rogen
about 1200 W, ab(ith 50 W to about 1200 W, about 100 W to about 1200
&bout 1200 W, about 300 W to about s 1200 W, about
-about 1200 W, about 700 W_to about 1200W, about 800 W to about 1200
"W, abouit 900 W6 about 1200°W, about 100014 to aBout £200 W ah6UE= 7=
133 W tzabout 1100 W L alieuit 30 W-toabout E00IW, about:30 Watesabout The
10.8 ahoyt 30 W to about 60 W, about 30 W to about 40 W, ahout 40
N s 20K, About 80 T abiin 190 V0 S0t 8O WG dipte 120 The
MAL aboat 260 With/abdug 120abbut 70 W ito-about=1 00 Wsand akoytG0=W: re s
o;ahout 70 W..1n one embodiment, the pawer, of the microwaves may be,
1}1% adjusife% dﬁhr!igmﬁ%gid%:ra%%aﬂﬁg?i va%](%aggogﬂr’s“fﬁ"b“y%d}:u%tincgot S
hpeweref thewaicrowaves duringsaid iragiating, it is possible tg adjusithe the
-amount.ef hydregen released from the hydrogen storage materials. For
example, in some use applications, such as an 20 automobile, a relatively
high quzhtity- oPhydregen riaybetégiifed af startgy of tiesmoteravhichh  are
awouldrequirs;a higher microwaye power beingjmpayted to. the hydrogen,, .,

polarization is a process by which heat is generated in

oS

e

pelar molecules. When an electromagnetic field is
applied, the oscillating nature of the eleciromagnetic
gl ld I '|¢L : e - i P Lo

fie results 1n the movament o©of the polar molecules as

they try to align in phase with the fiesld. However, the

inter-molecular forces experienced by the polar molecules
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Wﬁarticles the microwave power is in the range of about 70 W to ab

storage materials relative to when the engine is in normal operation. 25In
one embodiment, if magnesium hydride is used as the hydrogen storage

out
ook ’{th](’another embodiment, xf lithium alanate is used §§Y & 09.(’/{}09400
dfdrogerv starage partRids, tie Alicrovave Bsier useditin th& 30 -fahget®
of ahgut SQ W te about, 450N In gfugtherembodiment, i admixureetting
lithium amide and lithium hydride is used as tT% hygrog n stora%% fion of
pafticles, HEAiGonale PoRer U58HTs nthe rangé of abouf B W6 ™
@about 7000. WO 20081676076PCT/SG2006/608400ic Therrent. The
microwaves may be applied with a frequency.in the.range seladled from,; ¢ o
#e-group corsistig of about 0.3 GHz to about 300 GHz, about 0.3 GHz
ta:aholt200:GHz: abbet 0:3 GHZ trabeut 10BPGH2 MabburOFGHZY Such
-E?O*ut 50 GHZ, 5.ahout 0.3 GHz tq abput 10-GEz; abaut 0.3 Gtz ta abeutal
.BaGHz, about 0.3 GHz to about 2.45 GHz, about 0.3 GHz to about Q.915 |

GH7 ahdtoUEB S3GHPH abdtit GOCHZIC  PREFicrolaves Hayte “*¢
@Qg@%ﬂ@a inert amesphere, .a hydrogen atmosphere or under a partial
vacuum.The 10 presence of an inert atmosphere may be created by o
pumpifig it 8H inett gas inPoogﬁl%n% se]';n %f%%ber%&%!ntéiﬂ?ﬁ%nth%rr%ix?ui;e e
pf-thesmal. promotei particles and 4yerogen storgespartitles: The fiferectec

s may, be one selected fra ro A or Group.V. the carbon,
gﬁeﬁﬁﬁ%ﬂ'%ﬁ %?%%gm%é% : Lr1'{15(}'?'%2(% ney?ga\és %niy%ﬁ or?i%ﬁftg%oes not
sabstartillyireactiviith B tHerhalisromste: Paiidias, 1 hythdgeRy @ ogen
storage particles ortheydgegen:gas refeased: The ined-gas may.act aschat
a carrier gas to transport the hydro%%:l relegged intQ azsiorag%_ {:ham@gre or._ ¢
R/ 8 aREly zeP o detEimine the 36 Emodiit of hydrogen réleased: In one
embediment, the-ineergasiis argamA parsiabvacuuasmaebdereateeein ROt
the enclpsed chamber via co lQns to a. vacuum, The:va Fhe
ﬁﬁﬁl"ljpbr%%y &idin :%é" ?g\rfll”l%vaﬁgﬁ%{(%aben%om%#]je ﬁ%%is}e%:%% CJE;hlyél%lr_;l?ber“'C %‘1“
as hydrogen IS released froralthe hirogét sibrag® pamfids, ~nvention is

not via dipolar polarization. furthermore, the inventors

theorizes that materials with high glectrical

s

conductivities that have the ability to reflect microwaves

e

also promote heating and excitation of the hydrogen

storage particles at the molecular level due to the
reflection of the microwaves energy. Exemplary matexrials
include aluminum and ZLron. However, it should be noted

that this 4is only speculation to explain the phenomena
observed by the inventors in the course of undertaking
experimental trials. The actual wmechanisms for the
disclosed thermal promoter particles may be different.

The microwaves may ke applied at a power in the range
selected from the group consisting of about 30 W to about
180 KW, about 30 W to about 150 KW, about 30 W to about
120 KW, about 30 W to about 100 KW, about 30 W toe about
50 KW, about 30 W to about 25 KW, about 30 W teo about
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The thermal promoter particles may be mixed with the hydrogen storage
particles such that the weight percent of the thermal promoter particles

relative to the hydrogen 30 storage particles may be in the range selected
Wﬁ%ﬁ%}%up consisting of about 0.1wt% to about 75wt%, B 1lterltig/ 000400

about7owtsh D EwtFPtd abbat 68RAYE: aButiilwisemuaboGt50wWtdy about

about0. 1wk te about 25Wi%, about 0. 1wt% o about 15wt%, apout . o ..
0,1wt% to about IOwt%, about 0.1wt% tg about WO 7
251%%0%07%5%’1*75@%o@alé@oﬁé%?@wt%?&k?od%rs\/\ﬁh)@tbtakﬂo@ﬁ Howis, about

abblie SWt%eioo abortoTEWItYs bt Bwt%zto @beut IQWt%, aRaUtIOWEY <1y ey -

t ul, 25wi%, about 1awt% to_about 25wi%, about 20wt% to about
2%5“\%@) gﬁd E%Sidt"loﬁg}; {o abouit %)I\Nt%”.?%ofﬁe h%?oﬁenasqgré"befo_ about
pattiéled maypiverEompriséd bbmaterial sé%&:@edﬂtrom:t.he:tgrdmm consisting-out:
of metedhydrides, metal nitrides,metal amides,metal imideg, metal . -, .
alanates, metal boron hydride, complex metal hydrlges and complexes,

mixtlitel andisivathES ferdor. oTHe Mm@l hjdriddeomay B8 iff theo about
generakformaaof: MRragwheseinbout Misselected from theygeup ,  apeut

isting, of Groyp IA, Group IlA and Group IIIA of the Peri9dic Table of )
%%51 éfve’megrjﬁgf%n i ﬁ\a is°a Atmber bétieerf L Ahd 36 Balafce et 40 ¥,

vg@ﬂ@ychagé_to about 120 W, about 60 W to about 120 W,
about 80 W to about 120 W, about 100 W to about 120 W,
about 70 W to about 100 W and about 50 W to about 70 W.

In one smbodiment, the power of the microwaves may be
adjusted during said irradiating. Advantageously, by
adjusting the power of the microwaves duriﬁg said
irradiating, it is possible +o adjust the amount of
hydrogen released from the hydrogen storage materials.
For example, in scme use applications, such  as  an
automobile, a relatively high quantity of hydrogen may be
reguired at start-up of the motor which would reguire za
higher microwave power being imparted to the hydrogen
storage materials relative to when the engine is in normal
cperation.

In one embodiment, 1if magnesium hydride is used as

E..!.
£y

the hydrogen storage particles, the microwave power is
the range of about 70 W to about 1000 wW. In another
embodiment, i1f lithium alanate 1s used as the hydrogen
storage particles, the micrdwave power used is in the
range of about 50 W tec about 450 W. In a further
embodiment, 1f a mixture of lithium amide and lithium
hydride is used as +the hydregen storage particles, the
microwave power used is in the range of about 50 W to

about 700 W.

10
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Exemplary metal hydrides include magnesium hydrides, calcium
hydride,lithium hydrides,sodium hydride, 20 potassium hydride, and
aluminum hydrides. The metal of the metal nitrides, metal amides, metal

W B8R ah hydrides and metal alanates may be selected frork %;r?@ﬁﬁ@ff&“(’{’

and GrdtiF IR GTEREP RO IRETable ciEéffehts ’Sdme erarmplesinglude, the
bti:ase netlisied 25404 lithium. ifaiﬁlsﬁp'i@&&w%%@j@ﬁ% Iithium nifrides, -
Ii%hium__borgn hydrides, lithium alanates, sodium imides, sodium amides,
so%iuﬁ?%f’on%r%%%: soUiT aldhates® Fraghesiartifide? hagiesiupbout
dmitlesimagnesitmunitriges, magnesipaalanates ang mixtugesthereof. cny
30In.one odiment, the hydrogen_storage particles are_a mixture of

Iit i%‘“hy%%be g&ﬁé |ithfi’1maahyrh"%% (I_i:P MY’ STHE elements B thetc  about
conipleX metah hydrides mayhe: seletted:framiheqtaup £pvsisting of Grz o
Grup Ay Groundla Sroup A, Cioup VB Group MB, Broup vB,
Group VA WO 2(108/076076PCUSG206010400 and Group VB of the
Periodi¢ Tale 6F EY&HiEAtsIand heixteres Histedh The complex mstakrhere,

hydrides-maynbe-indthe formula ofr AxMHy:-when-An A is.an alkaling metal ..,

orr%réglkglin% ag[h metalv;_suM is a transition metal or B or Al; x is a number '
ffom 1 10 4: and ¥1s A Rtmbe? IBRTENG'G may be created by pumping
in an inert gas into an enclosed chamber containing the

s

mixture of thermal promoter particlas and hydrogen storage
particles. The inert gas may be one selected from +the
Group VIIIA or Group VA of the Periocdic Table of Flements.
The inert gas may be one that does not substantially react
with the thermal promoter particles, the hydrogen storage
particles or the hydrogen gas released. The inert gas may
act as a carrier gas to transport the hyvdrogen released
%nto & storage chamber or to an analyzer o determine the
amount of hydrogen relesased. In ons embodimént, the inert
gas is argon.

A partial wvacuum may be created in the enclosed
chamber via connections to a vacuum purp. The vacuum pump
may aid in the removal of hydrogen fFfrom the enclosed
chamber as hydrogen is released from the hydrogen storags
particles.

The thermal promoter particles may be mixed with the
hydrogen storage particles such that the welght percent of
the thermal promoter particles relative to the hydrogen
storage particles may be in the range selected from the
group consisting of about 0.1lwt% to about 75wt%, 0.lwts to

about 70wt%, 0.1lwt% to about o0wt%, about 0.1wt% to about
2

of©
-
O
CL) .
O
O
o
+

50wt%, about 0.1lwt Swt®, about 0.lwt% to about

0.1wt% to about

o\@
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13wt%, about 0.lwt
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W%fa?ls/ e7§’( aﬁnthanum-hickel-hydrides,titanium-iron- hydrides 0

10As an example, the complex metal hydrides may be
lithiumalanates,lithiumboronhydrides,sodium

alanatess,sodiumboronhydride,magnesium-nickel- _
BCT/SG2006/000400

HHarium-ARaigancss-Rydiides 2151ts to’Bd Bppredlatdt that'Gtfier ShitaBROVT
Tydrides and hydrogen sterageisompounds:will berappareritita those about
skilled in the art. Accordingly, the above are in no way to be.construed as _ .
inkitig exsmples. The 5ve‘?§geab3é3rltl|éle %%z“étd’f'thg }Fly fogen storage 20° Dout

‘Yarticles maybe it thed miiéromretelrang e? hvdfie embodiment, the

averagg, particle size s les.than about. 100 pm. In anatherembodiment.s ¢

the average particlé size is in the range of about 0.1 RI to about 100 .Lra.
rgisas belapretRise thatifeie hydibgei Siotage Parfidies e 2504 metal
fpixture of tworrimore typesof she abgwe mentionegehydrides; the imides,
average particle size of each type%f , h dride§ may, be the sameormay . .
et differefit: 27 TH hydf6yeh storagé Particles may He prepared in a Ban -
mlinggprecessi suchithatthe average:partickesizé 30iokthetpdrogenr=cf .
storagg partcles fais Inthe aboye jande. ,, <the thermal promelen, » o

r i

particles maﬁﬁ/ebe carbon, silicon, phosphor, sulfur or may be a metal
selected from the group consisting of Gr¥tip llIR, Group VIIIB, Group 13

wherein

M is selected from the greoup consisting of Group IA,
Group IIA and Group IIIA of the Periodic Table of
Blements; and

a is a number bstween 1 and 3 to balance the valancy
charge.

Exemplary metal hydrides include magnesium hydrides,
calcium hydride, Ilithium hydrides, sodiuwm - hydride,
potassium hydride, and aluminum hydrides.

The metal of the metal nitrides, metal amides, metal
imides, metal bkoron hvdrides and metal alanates may be
selected from Group I2 and Group IIA of the Periodic Table
d

o

of Elements. Some examples include, but are not Iimlt

. [

to, lithium imides, lithium amides, lithium nitride

i

'
lithium boron hydrides, lithium alanates, sodium Imides,
sodium amides, sodium boron hydrides, sodium alanates,
magnesium  imides, magnesium amides, magnesium nitrides,
magnesium alanates and mixtures thereof.

In one embodiment, the hydrogen storage particles are
a mixture of lithium hydride and lithium amide {(LiNH).

The elements of the complex metal hydrides may be
selected from the group consisting of Group IA, Group IIA,

Group IIIA, Group VIIIB, Group ITIIE, Group IVB, Group VA

12
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WO 2008/076076PCT/SG2006/000400 VIIB, Group VIE, Group IVB,
Group IB and Group IIB of the Periodic Table of Elements, and mixtures
thereof. Exemplary metals that may be suitable as the thermal

VB Barticles include aluminum, copper, silver, gold, ShforS fiekepoo400

©obalGrranyangse; chroraitim, HEmM@AL gincdktglloy and Yakfites - 2nc

thereaf. dn ong embodiment;ioneraluminumis:usedasthedbermal be in
promoter particles. Aluminum is an example of a material that has a

Tith éleElitat cOnductivity such that it reflects most of the 10 microwave
energy that falls on it. When aluminum B.M8ed as the thermal promoter
particlesﬂégg 1azlﬁuminum foil may be cut into strips of length in the range of
about I'mm6 about 20 mm and width in the range of about 0.5 mm to
about 3 mim. 25Thé lcatbore used anay be im thelformlofgraphite. 1etFie

average particle size of the thermal propoter partigles . is in the range

selected from the group consisting of less than about 5000km, less than
about 2006 ufn, &P tantalsEut 3000 rh, F832 than about 2000 um, less

20 thar about 100Q:ea% lessihan aboyt.500 um, less than about 200 pm,

and less than about 1OQ§m, about 0.1 %T to a%%lﬁggooo %mhacg:)ﬁg)ut 10 gm be
to abo(i*136'km S&BSI 10 gm 16 abbut 1 10°um: absat 16-Um to about 8 N
pirt; tabout 10 gretaabeut 70 ghtabout 10t%kny torabolity80: g about (@divm

97,1023 about 3Q,gay, @hout 3.um to ahout,150.gm, ahout,5Q gILio, s cke -
about 150 um, about 70. um to about 150 gm, about 90 gm to , ‘
hydrides, lanthanun~nickel-hydrides, titanium—-iron-

nydrides or titanium-manganese-hyadrides.

Tt is to be appreciated that other suitable hydrides
and hydrogen storage compounds will be apparent to those
akilled in the art. Accordingly, the above are in noc way
Lo be construed as limiting examples.

The average particle size of the hydrogen storage
particles may be in the micrometer range. Iin one
embodiment, the average particle size is less than about
100 um. In another embodiment, the averags particle size
is in the range of about 0.1 um to abcout 100 um. It is to
be appreciated that if the hydrogen storage particles are
a mixture of two or more types of the above mentioned
nydrides, +the average particle size of each type of
hydrides may be the same or may be different.

The hydrogen storage particles may be prepared in a
ball milling process such that the average particle size
of the hydrogen storage particles falls in the above
range.

The thermal promoter particles may be carbon,
silicon, phosphor, sulfur or may be a metal selected from

the group congisting of Group IIIA, Group VIIIB, Group

13
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about 150 km, about 110 km to about 150 km, about 130 pm to about 150
gm and about 50 gm to about 100 pm. Exemplary, non-limiting

ﬁr%%%lwsgts of a hydrogen 30 release system will now be. 9&9&?2%95 ;E!-?'Bgn o
ydrogen release system comprises an enclosed chamber; a mixture o

RAfSgerfStorkge’ particlescaitl théfmalprafroter partidlesrdidposed-wittin £e
the enslosedchsmabers and=aitradiationi seurca capablr=ofdradiating the
mixture within heﬁenclg%e chamber, Whe?n in use, the irradiation
source iTradiates the Mfixturs to releads hydrsgen from said hiydrogen
staragetparticles intoithe enctosedechamberntiin ongpmbodiment the gold,
radiation, sayice s adplprawaye geneialor  xinanoter *mBeiENt s xnc
an inert atmosphere or a hydrogen atmosphere or a partial vacuum is
intredutkadnthé eACIHSEE CHEMBEr: THelinert AfinGSphet&raliBedie té ron
10the presence 'otan inert gas-syehas:at@on. »rohhe dydregen release
system mentioned above may be used in a vehicle, stationary power s
station br-PBRAHE powet HeFice ihe vehicle MRy Utiize tﬁ@%iphﬁfg & high
iradiating dydragenistorage partislesrdispersed amonfiEx-thermakt of the
romoter particles under gonditions lo rslease hydjogen oM the.c, <o oo
hydrogen storage pgﬁic es. Thé%y rogen reléased may be emp oS/edl as
asourte of-érrargy or fustfeitthe vehicld CRifE vehidle niay'bé gy dévicé may
that isysed 96”@@%@%&“&9@- Exemplaryvehicles include 20autamonileg;.
motorcycles, ships, trains and aircraft Thermal promoter particles may
BEG8Ed i An BlmBRGre WithRydtdgehorage particles 1promdte > ™
release of hydrogen while the hydrogen storage particles are being
irradiated. 25There is also provided a kit of parts for releasing hydrogen,
the kit r%%]ya c%?n%?%{é élnsgﬁ‘?:f%‘:s’gdq%ha"r‘ﬁbe“r};% n%%ﬁnreoo‘f r%}a%é’é}/éﬁ’ Storage
particleSand termad proprotér particles for disposahwithif saitkénclosedoter
amber;in se; an Icadiatign, sourcg capable,of irradiating the 3Qymixtute. ;.
within said enclosed chamber; and instructions for using said irradiation i
sovrce- to-itratliaté shich mixtupe while residentwithin'sad chamberliout 4000
release hydrogen,from said hydrogen storage particles, The inghiyctigns ;..
ay provﬁe details on the operating parameters of the ~
than about 1000 pm, less than about 500 um, less than

thermal

o

it

O

t

about 200 pm, and less than about 100 pm, about 0.1 pm to
about 5000 pm, abcut 10 pm to about 130 pm, about 10 um to
aklout 110 pm, about 10 pm to about 20 um, abouil 10 pm to
about 70 pm, about 10 pum to about 50 pm, about 10 um to
abeut 30 pm, about 30 pm to about 150 wpm, about 50 pm
about 150 wm, about 70 pm to about 150 pm, about 90 pm
about 150 pm, about 110 pm to about 150 pm, about 130 pm
to about 150 pm and about 20 pm te about 100 pm.

Exemplary, non-limiting embodiments of a hydrogen
release system will now be disclosed. The hydrogen
release system comprises an enclosed chamber; a mixture of
hydrogen storage particles and thermal promoter particles
disposed within the enclosed chamber; and an irradiation

14
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WO 2008/076076PCTSG2006/000400 irradiation procéss such as power,
frequency, pressure or time for the release of hydrogen. Brief Description

Of Drawings The accompanying drawings illustrate a disclosed
Lmbadiment and serves:to explaip the prigciples.of the diselosed, s 1nj n  the
embodiment. It is to be understood, however, that the drawings are
cdesigriediforparposes of ICEillastration onlycandiact as aldetinitionof theource
:limits,of the Jnvention. ; . Fig. 1 is aschematic diagram;of 4n.appaals a1
used in a process according to a disclosed embodiment. Fig. 2Ais
&y grapheshowing $e hydrogen iitensit 25 prdfile for-eompdurd erithiam
hydride,particles, lithium.amideparticles and graphite.carbon under.. 5 5
pulsed microwave conditions. Fig. 28 is a graph showing the hydrogen
rintesity profilé fora:mdure of lithium hydride particles, 20 lithium amide
particles and.graphite carhon under, continyous:micre ave conditions.  o» a
_Fig. 20 is a graph showing the hydrogen intensity profile for a mixture of
NRAYBYdrRIETFHCIES Bnd lithimPamiidedparticies titet Eontinbibbiswced in
rmicrawave, 23 gonditions. r . Figy 3A is,a.graph-showing the hydrogen gue to
intensity profile for a mixture of lithium alanate particles and (graphite
tEdibbr ahEeFfulsed Microwave conditions™ 25 21§33 is a graph

showing therhydrogen-intensity:3Q prefilefera mixtureof differentweight v be

concentrations ‘ o )
usad 1n & wvehigle, stationary powsr station or portabkles

o

powar device. The wvehicle may utilize the step of
irradiating hydrogen storage particles dispersed among
thermal promoter particles under conditions to release
nydrogen from the hydrogen storage particles. The

d may bhe employed as a source of ensrgy or

o

hydrogen releas

fuel for the vehicle. The vehicle may be any device tThat
is used for transportation. Exemplary vehicles include
avtomobiles, motcorcycles, ships, trains and aircraft.

Thermal promoter particles may be used 1in  an
admixture with hydrogen storage particles to promo

elease of hydrogen while the hydrogen storage particles

"

are being irradiated.
There 1s also provided a kit of parts for releasing
hydrogen, the kit may comprise an enclesed chamber; a

mixture of hydrogen storage particles and thermal promoter

6]

particles for disposal within said enclosed chamber in
use; an irradiation source capable of irradiating the

nstructions for

H.

mixture within said enclosed chamber; and
using said irradiaticn source to irradiate sald mixture
while resident within said chamber to relesase hydrogen
frem said hydrogen storage particles. The instructions

rz of the

]

M

may provide detalls on the operating paramst

£
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WO 2008/U76076PCT/SG2006/000400 of lithium alanate particles and
graphite carbon under continuous microwave conditions. Fig. 30 is a

r ) )ing the hydrogen intensity profile for axture of lithi lapate
%aﬂrjﬁgﬁgﬁgd 0 graphite carbon under ramped microwave cgﬁﬁ%gﬁﬁfﬁ%ﬂ?”"

DA aph SRBwingthe Hy didteh iffensRY profile’ for @ eample GFARKIBATS ©f

alanaterparticles undes continaous misrawave conditions. Fig. 4Ais

a graph -showing the hydrogen intensity 10 profile for a mixture of

magnesium hydride particles and graphite carbon under pulsed

microwave conditions. Fig. 4E is a graph showing the hydrogen intensity

profile for a mixture of different weight concentrations of magnesium

hydride particles and graphite carbon under 15 continuous microwave

conditions.  Fig. X0 {4 gPEStr SHB W tHR hyRIFBY &R #itensity profile for

a mixture of magnesium hydhde pasticles and graphite-earbonundel sciosed

different microwave conditions. . el;i,?.E 4D is @_ﬁraph _shoxvjngihe N

fydrogen itensity 20 profile Tor a samplée of magnésiupt hydride particles “7e

dnderlcortihucusanitiowate corditions. to Pig 5Sisdgraplhstiowingthe er,
drogendptensi i r a mixture LMQ%N!H“ particles and graphite

Eﬁ)gn unr?é?e‘r pu%é%r%&g%%vave@ g%nditi%ﬁs. SF%. 6 %%a%graﬁﬂlé rgr)f%%?ing ot

the Myjdrogen fhte P&t profifés f61°x miiture ofiffagiesih hydriddie limits

particles and-graphite.carbon under different heating methods. Fig. 7

is a graph comparing the hydrogen intensity profiles for a mixture of

lithium hiydridé pasticles; Stehthiuim amide:particles and graphite- carbop=c in

&"E%%QgggeQEE%%@%%5“%%0%&disczosed embodimant.

Fig. ZA 1s a graph showing the hydrogen intensity
profile for & mixture of lithium hydride particles,
Lithium amide particles and graphite carbon under pulsed
nicrowave conditions.

™

Fig. 2B 1s & graph showing the hydrogen intensity
profile for a mixture of lithium hydride particles,
lithium amide particles and graphite carban nnder
continuous microwave conditions.

Fig. ZC is & graph showing the hydrogen intensity
profile for a mixture of lithium hydride 'paxuicies and
lithium amide particles under continuous microwave

conditions.

Fig. 3A 1s & graph showing the hydrogen intensity
profile for a mixture of lithium alanate particles and
graphite carbon under pulsed microwave conditions.

Fig. 3B d1s a graph showing the hydrogen intensity

profile for z mix

th

ure of different weight concentrations

t
@
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WO 2008/076076PCUSG2006M0400 Fig. 8 is a graph showing the
hydrogen intensity profiles of a mixture of lithium hydride particles with
different t pes of thermal promoter particles under the same microwave
_3/.’. Fig. 9 is a graph showing hydrogen intensity 5?6%%@”89%0400
Mixture- S MgH2 #RPGaEicléSdhdér diferempartichrsizés (AEMgh2 +under
Niswitheuidaatimillings By Mgt 4:Nizwitk ball milling; and (C) MgH2 + Ni
with ball milling + C (20%). 10Fig* 10 is a graph showing hydrogen
intensity profiles-of amixturg ofbiNHZ24 lhparticles withigeaphite earboRs i +
ifferent icle sizes:; 6qm.graphite; (E) 150pm graphite; and (C)

Srgiztgr% S%aéﬁ%. I%ie?%é%)irpgtioqng%f '?a H%%ém ?Eiaé%é 9§h0§3\?sLt eheak  2nd
algEs of thechydroger iste Asitpforadifferent typessofdyciogen storage
particles under_varigus microwave conditions as well as 20 the
temperatife ofthe partidesaSBbtaifbd fronvthé Temperbiargen intensity
Progfammeti-Desorptionymethed. 1:iTable? showsthe temperature,of 1 qe

the different éy%%scg_% %%%g%? nsﬁrggg Jparticles obtained under various

microwave conditions. e 3 shows the peak areas and energy input
values .mixture of magnesium hydride particles and graphite carbon
under,(}jgi)%‘grent #ea%icrglfg rﬁe?f%%?&é%%%%ﬁ?wsct}% p% kareas and —ooRTY
BhéGyiRipdtValues B A Hikfuré of AT Ajdrdepaiticids, livhini atide and
30 particles andigraphiteisarhom waderdifferspt heating methods. WO
2008/076076PCT/SG2006/000409

Fig. 4B is a graph showing the hydrogen intensity

profile for a mixture of different weight concentrations
of magnesium hydride particles and graphite carbon under

continuous microwave conditiocns.

Fig. 4C 1s. a graph showing the hydrogen intensity
profile for a mixture of magnesium hydride particles and

graphite carbon under different microwave conditions.

Fig. 4D is a graph showing the hydrogen intensity
profile for a sample of magnesium hydride particles under

continuous microwave conditions.

Fig. 5 1s a graph showing the hydrogen intensity
profile for a mixture of MgNiH:; particles and graphite

carbon under pulsed microwave conditions.

Fig. 6 is a graph comparing the hydregen intensity
profiles for a mixture of magnesium hydride particles and
graphite carbon under different heating methods.

Fig. 7 is a graph comparing the hydrogen intensity
profiles for a mixture of lithium hydride particles,
lithium amide particles and  graphite carben  under

different heating methods.
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Examples Non-limitingexamplesoftheinventionand 5 comparative
examples will be further described in greater detail by reference to specific

W?&a{m%l;ﬁ#vhich should not be construed as in any way limiti
‘ cope
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ng the
of the invention. 10 Preparation of testappal:atlas pﬁﬁf%%?{”mmoo
now to Fi§91, therelis showhta Bét-uplofihe apparatus:usethiea processisity
o releasing hydrogen:gas from hydrogen;storage, M@Hé'_sré@é%lié%‘rewit h

2 of hydrogen storage particles and thermal promoter particles 15 was
pladedih A feactd? @ haling anentiosed cyiitidical Bdhber Ravirgrdes  the
diameten of dcamand-a:heightafsl2 cm. The cylindrical chamber was

made from TEFLON™ from E. |. DuPont Corporation, Delaware, United

States dtiAmefca.cTEFDON s polyetrafluoraethyleneiPTHE)and 20-cfiles
allows_migrowayes tojpass,through the reactor 4;to,the admixture 2., The

reactor 41conta.ining the admixture 2 Was'plac'ed In @ microwave generator

6 Frhefréquency of the Wicrdlvdiesenittedilas 245 GRZIAmbhMaS ; . (B)
used.as-a parrier gas aadwasiintrodysedsata rate of;98.mUmigintg85.the _ 5 4
reactor 4 vi acga,sygu(?t conduit 8 through the microwave generator 6 and

Rl LIng ZU%Y

reactor 4° The preSsure’ of the apparatus was kept at | bar, or around
atmospheric pressure. A gas ouflet qgndu't 10Tipnrotru es.from the reactor . _
4 through the microwave gener%%or% toa %rﬁ%mss%% sﬁqé/cc%Fo?ﬁéat?y aﬁé’lyz‘élrs" -Y
X fot métitstingtHelreledse efhydribfen-gadifromitheadastor 4:IA graphite

thernemeter 1 was.disposed-en the.wall of the migrowave geperator 610 -,
easure the temperature. WO 2008/076076PCT/SGZOd6/1 00410 '

Rample’T Byatoden “Stordge Paricis: 44RP2I3EH Thermal Promoter:
Graphite Carbon Microwave Power: 70W (intervals) Lithium hydride
(LIR) was obtained from Sigma-Aldrich with 95% purity, lithium amide
(LINH2) was obtained from Sigma-Aldrich with 95% purity and graphite
carbon rod with 99% purity was obtained from Sigma-Aldrich. The
graphite 10 carbon raekwas crusheehips stainless steal srucible and
sieved by, Retsch tes;sieve tot%%O pglé a]'J?O pm ﬂ?eds% pm, r%%%ec'tl;)llﬁejl ogen
intensity for diffsrent Types of hydrogen storage
particles under various microwave conditions =zs well as
the temperature of the particles as obtained from the

Temperature Programmed Desorption method.

Table Z shows the temperature of the different =vypes
of hydrogen storage particles obtained under various

microwave conditions.

Table 3 shows the peask areas and energy input values
of a mixture of magnesium hydride particles and graphite
carbon under different heating methods.

Table 4 shows the peak areas and energy input valuss
of a mixture of lithium hydride particles, lithium amide
particles and graphite carbon under different heating

methods.
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The LiH and LiNH2 particles were ball milled such that the average
particle size of the Lilt) and LiINH2 particles 15 was less than about 1.0

W 5’{}08/&7&6'79 g of LINH2 and 3.2 g of LiH were loaded into a%i}rggz%%%ﬁl 100

jar inside a glovebox (MBraun master 130) filled with purifie

PPM, 02 < 1 PPM). Then, the jar was put on planetary ball mill (Retsch
PM400) at 20 300 rpm for 10 hours. 1.0 g of the mixture of LiN.H.,-2LiH

and 0.25 g of graphite carbon particles (150 um) was added into the
microwave reactor. The wt% of graphitg.qarbon relative to the above

mixture was about 20wt%. The resultant mixture was placed in the reactor

(4) of Pig T Y5 AR gas, which Was!'cohtrolled usingzemass flo®irheter,  and
wasset atadlowdataehsq mymin. Massspegtrometer (OMStan was -« o -
switched on simultaneously to measure the outlet gas. The microwave
Géitetator ) (VTGOS EabStaRBif s SoRfigaieiit pulsd fhe Snoule. not
microwavesr3Gemitied. kerezthe miesowave powes wasset atdOW foF  the
f%evg}jlqgtgi intervals and at OW. for all other times. The reaction was

carried out for 60 minutes. It is believed that the following reactions
occurred during the hydrogen release: WO
2008/076076RCTSG2006/900400 LiINH2 + LiH C> Li2NH + H2 (1)

Li,NHLIH <>Li2N + H2 (2) [nthe Tirst reaction, 6.3-6.4 wt% of
hydrogBfi WaE réléastavat Btemperatdre SF%0E. i thesatond réadtiore oF
& dwitUppfiydragen:was released-ava temperature fA50G Thearetisally, gas
(%.;O%t% arg?%gf wt% gj Q¥groeqenwrgjeqﬁ§eaiasn be obtained ac,cordjn to7 -
&guations’ (1) ahd (2) Tespectively. and Henca: it will'be apreciatsd that:  °F
thecrespits obthisrexseriprenitindicateathdt praetically allrthof the particles
hydrogen stored on the hydrogen storage; materials.was released, Rueyto, . ;

. Thetresalis ofthiscésathplelaré 2 cm.

as made from TEFLON™ from

rEsiteSre BAGweF than Thensdsreti
shewn #VEih @A L Hal  chamber

the impurities such as LIOH and LiZgﬁresentlng in the materials, the
W

de

E. I. DuPont Corporation, Delaware, United States of
America. TEFLON™ is polytetrafluoroethylense (PTFE)  and

e

allows microwaves to pass through the reactor 4 to the

admixture 2. The reactor 4 containing the admixture 2 was
placed in a microwave generator 6. The freguency of ths
microwaves emitted was 2.45 GHz. Argon was used as a

carrier gas and was introduced at a rate of 50 ml/min into

the reactor 4 wvia a gas inlet conduit 8 <through the

o
3

microwave generator 6 and reactor The pressure of the
apparatus was kept at 1 bar, or around atmospheric
Pressure. A gas outlet conduit 10 protrudes from the
reactor 4 <through the mnicrowave generator 6 to a mass
spectremetry analyzer 1Z for monitoring the release of
hydrogen gas Zfrom the reactor 4. A thermometer 14 was

dispecsed on the wall o¢f the microwave generator 6 to

measure the temperature.
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15 canS be seen that hydrogen intensity increases, which indicates the
hydrogen release, promptly once the microwave generator was switched

n. The r'%drogen intensity gradually increases with increase of heatln%
70 BU76 T/SG2H0600400

time. When the microwave was turned off (that is, at OW),

theintensityof thehydrogensignaldecreased immediately. This showed
that the hydrogen release processgpas:Meakened or was terminated when
the microwave was switched off. This process can be repeated with good
reproducibility. HélF&s the Hatd sHEWRAR Fig 1% eldalyr-28shidws that

the applicationofthe microwaye to.a r@%&tﬁﬁﬁéﬂ%@kﬁwdes and
graphite resulted in the rapid and controllable release of hydrogen.

Bf o} o o

The surfacé tethiperaftird of the' fiyidrogeh steragermaterials was about

40-50C indieating that exiemer3Qterperatires are RotLeqUiredto- _» 1 5r s op
pgqrpgtlygrgsl_ease hydrogen.gas. WO 290_8/07@076?QT/SGZOQGIOQO4OO
ExXample 2 “Hydrbgén Storage PaHIdESATNH2AA3 THefma Profivter: from
Graphite EatbonMisroviavieoRower: 170y (eoatinyeus): -« Themydrogen with
styyag rticles (Li d ) and thermal promoter particles
(g%ﬁh%g %éir”bggn)%sye(% ?ﬁ th%wgéarﬁg]%%re%%mgan% Cé“s ose f‘ﬁjéaxa i te
1S HoveV ek df this exampreiehe microwavegederator was Switchedidrie and

continuausty,atzZ0\W nstead:of at intervals. 1QFhefesults Of this .. 54 o,
exampleshown in Fig. 26. Similarly, the hydrogen signal appeared
imfradistely’ Grice the microwave was switched on. Hydrogen was
releasedicontinbously asithe, heating ttmeprogressesd: Ungderthesesvcr +hat
itions, the inflexion point appeared araund 10 15 minutes, After this,
QQeQ %y %E"éﬁ%ﬁteﬁ&%y“éggr%asséd Era%nalffscucé“tﬁataaﬂ 4mifiites RE L Les
hysdrogers mtensity wasback at thebase line due to the hydrogen being

exhausted.from the mixture of Lin and LINH2, The remainin%material was

weighted. and the result showed that 4.9 w96 20°0f Kydrogenwas ~2-¢ 2

refeasedsfom e mixtirer ofikin afel Linn Ll Theb datal BEER:26mnaster 130)

demoastrates that hydregen can bg.rapidly and.ggntroflably released in ., -

the disclosed process. Again,I the surface temperature of the hydrogen

StorageThatBridlsKids abbut 4B50C Tdidatihg tHatextreisesch BM4A00) at

300 rpm for 10 hours. 1.0 g of the mixture of LiNH.-2LiH
and (.25 g of graphite carbon particles (150 um; was added
into the microwave reactor. The wt% of graphite carbon
relative <tTo the above mixture was about 20wt$. The
resultant mixture was placed in the reactor (4) of Fig. 1.
Ar gas, which was controlled using a mass flow meter, was
set at a Iflow rate of 50 ml/min. Mass spectrometsr
(Omnistar) was switched on simultansocusly to measure the
outlet gas, The microwave generator (o) (Milestone
Labstation) was configured to pulse the microwaves
emitted. Here, the microwave power was set at 70W for
five minutes intervals and at 0W for all other times. The
reaction was carrisd out for 60 minutes.

It is believed that the following reactions occourred
during the hydrogen release:

20
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P (
V¢ it Sidnate (LIA1H4) powder was obtained from Sigma?,&

25 temperatures are not required to promptly release hydrogen gas.
Example 3 Hydrogen Storage Particles: LiA1n4 30Thermal

romoter; Graphite Carbon Microwave Power: 50W (intervals

SEpp0Gg0400

95% purity. The lithiuhi-dianateinas wsed wifilout fugther freatment.
Graphite carbon rod with WO 29108/07697,6PCT/SGZOOQ/OOO4OO 99%
purity was obtained fr“tffi"ﬁl\lﬁgrina-iﬁﬂlr@].‘IJJrFéq giaphite ¢arbon rod was
crushed.m a-s$tainless=steef eeuciblergnd Gievesl. by Retsch-teshsigveden was

21§3:§)1pm(L 1§0 pm and 56§m, res%ectglely . 1J0 g of THA1H4 was mixed
with 025§ of graphite carBBR (50 pm) Sich fial the wid of graptiite Second

caebort telative ta that of LiAlk4 wasmabout 20wi% SEhe resulantmbdWer ;o

was placed in the reactor (4) of Fig. 1. The ~ L
rﬁhro’%aé\/ggengegt’o%@)‘(wgét%ﬁe LAbstatioh)wWHE LG confifired fo pukecgen

the micrewaves emitted: Hereq thecmicrowaye powerwas setat S0WLay (2

four minutes intervals and at OW far,all other times. The reactionwas
carried out ng d r%r%tjgtegfeﬁce’ Itis B’Jeﬁ%%e& fhat the fofbiitg reaefibnsthe
FERIrETE 132 durinigithe dydeogercreleased i caialHA a2t Lidkbe@H2a11y 211

YA ALIBALG.: 2004 3HRLISAMIGSLIE S AL+ SRHRALHRAL T o)
3LiAl-+ 3/2H2 20In the first reaction, 10.5wt% of hydrogen was

was released. Due to the impurities such as LiOH and 13,0
presenting in the materials, the results are a lower *han
the theoretical. '

The results of this example are shown in Fig. 2A. It
can’ be seen that hydrogen intensity increases, which
indicates the hydrogen release, promptly once the
microwave generator was switched on. The  hydrogen
intensity gradually increases with increass of heating

time. When the microwave was turned off {that is, at OW,

3

I

]

fam}
=

O

the intensity of The hydrogen signal dec se

h

as

&

immediately. - This showed that the hydrogen r=sl
process was weakened or was terminated when the microwave
was switched off. This process can be repeated with good
reproducibility. Hence, the data shown in Fig. 22 clearly
shows that the application of the microwave to z mixture
of metal hydrides and graphite resulted in the rapid and
controllable release of hydrogen.

The surface temperaturs of +the hydroegen storage
materials was about 40-50°C  indicating that extreme
temperatures are not reguired to promptly release hydrogen

gas.
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released. In the second reaction, 5.3wt% of hydrogen Was released at a
temperature in the range of 150C to 175C. In the third reaction, 2.6wt% of

W%}E/zdro en was released at a temperature in the range of 180C to 225C. In
e

fSUith reaction, 2.6wt% of hydrogen was released at %Ctngpgﬂ?l%m
greater than 400C. The results of#hismad@&mpgle are shown in Fig. 3A. It
can be seen't drogen was rapidly released once the microwave
generator Wag?vé%ée”(%o%f%ﬁe %gdr*oggre‘hlf %en%éns%i’tﬁlml BrEasEs with the
increase of irradiatioa tink; andicating thagrhdreshytikegen was released.
When the micfowave was turned off ﬁtggt IS, at OW) at 4 yninutes, the
intensity of the ﬁygrogen signal rapidly decreased’ ™
W02008/076076PCPSG 2606400400 S Shéws that.thie hydrogehvs,) and
release-nrogesswas wegkened or wasdepminated when the microwaye . ; o

was switched off. Hence, the data shown in Fig. 323, clearly demonstrates
thEf TR apitcation 6f tAéTricfovavetdsa mixu e Bree11114 angBever, in
graphitesesnited in theneapid andgontollaple ielease-of hydrogan:Agaly,
the surface temperat f the hydrogep storage materials was about
foq%btﬁlﬁaféséﬁﬁg%ﬁaﬁgﬁrej”rﬁétga?er%ge?gtu%éébfr@vr%]t?equired to
promptiirelease hytroger 10gds: Exammuie 4 - Hydrogén@torage Fig. 2B.
Rasicles: LIALHA,.  nyaradbarmal Bromoter; Graphite Carbon (10wt
and 1520W'J'E/(’A/:)) - Microvgaveoéo'wer: 50W (Cogrell"é[ﬁ)ﬁuou§t)}:l lri%(t 8|§Cié3<“éﬁ?ple?ﬂce
[5A9 HA AREYraPRite Eafbof Were otstairdd from thslsamersuppiferstaslinased
example.3).khig examplesisidesigned to.showthe differenge in theq. - +1ese
réydrqggn O20 inten§'ﬁy profile when different wt% of graphite carbon was

e

(®]8] ne . Y oot 4 o o 2 k]
Gsed'in the admixture with tHe Biafila, Point eppsared around 10
minutes. After this, the hydrogen intensity decreased

gracdually such that at 14 minutes, the hydrogesn intensity

was back at the base 1lin

{0

due to the hydrogen being
exhausted from the mixture of LiH and LiNH.. The remaining
material was weighted and the result showed that 4.9 wog
cf hydrogen was released from the mixture of LiH and LINH..
The .cata of Fig. 2B demonstirates that nydrogen can be
rapidly and controllably released in the disclosed
procass. Again, the surface temperature of the hvdrogen
storage materials was about 40-50°C indicating that extreme
temperatures are not reguired to promptly relsass hydrogen

gas.

Example 3
- Hydrogen Storage Particles: LiAlH,
- Thermal Promoter: Graphite Carbon
- Microwave Power: 50W (intervals)
Lithium ealanate (LiAlH,) powder was obtained from
Sigma-Aldrich with 85% purity. The lithium alanate was
used without further treatment. Graphite carbon rod with

22
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In the first sample, 1.0g of LiIA1H4 was mixed with 0.11 g of graphite
carbon such that the wt% of graphite carbon relative to LiIA1H4 was about

f|OWt90. 25In the second sample, 1.0 g of LIA1H was mixed with 0.25 g of
“%?gﬁ%%ﬁ@ﬁrbon such that the wt% of graphite carbon relativé 16°CiR1G4A0400

WS alibii 20it9%as  Hemicrowavegenerator-was switthedra  graphite

conginyaushy gt SO for-argund 14,minuies. 307he results of this example

are shown in Fig. 38) It can be seen that th% ratIlg % grabﬁ?’% c%?ggﬁa?o“"e and
LTATMAhalh GleabirtiueRed of tRE teléaseéfhyitogdrt Thethighet the 1,
conepatration D graphite used in the admixture, the faster the rate of

hydrogen Eeleas%.{_Foqr the admixture WO c e A oE - ‘
2008/076076PCYSG2006/600485 wWith Ztfwts-of Yraphite cdrbsh, e aphite
hyerogen réleage was fasterithanithat of-the admixtuse With-IQWi%0f -2 :bon

graphite carhan. The hydrogen, intensity of the admixture with 2owtdhe . .
graphite carbon peaked at ayounH’S.Ear)r%in%%e%uasrggé%%rﬁpareg% e Su-tant
FMREIOWYE Graphité ®arbbn which peakedat arobind 88 Fig. 1.  The

minutes.Iherefogea higher concentration;ef.graphite carbon particles

may be desired in applications wherein the prompt release of hydrogen
&2 s'réqtifred. For bothSammttred 145008 oF hydtdgérdas 10Awas, the
releasecve Thesurfaee teraperature mf the-hydregen steragedmaterialsy 1 s

s aboutPeB00 ingicating hal exreme temperalures,are nofrequied

to promptly release hydrogen gas.":
out for 70 minutes.

Tt is belleved that the following reactions occurred
during the hvdrogen release:

: LiAlH, —» LiAl + 2H,
3LiAIH, — LisAlHg + 2A1 + 3Hs
LisAlHe -~ 3LiH + A1 + 3/2H-
SLiH + 3Al — 3LiAl "+ 3/2H,

In  the first reaction, 10.5wts of hydrogen was
released. In the second resaction, 5.3wt% of hydrogen was
released at a temperature in the range of 150°C ta 175°C.
In the third reaction, 2.6wt$ of hydrogen was released at
a temperature in the range of 180°C to 225°C. In the
fourth =reaction, 2.6wt% of hydrogen was released at a
temperature greater than 400°C.

’ The results of this example are shown in Fig. 3A. Tt
can be seen that hydrogen was rapidly released once the
microwave generator was switched on. The hydrogen
intensity increases with the increase of irradiation time,
indicating that more hydrogen was released. When the
microwave was turned off (that is, at 0W) at 4 minutes,

the intensity of the hydrogen signal rapidly decreased.

23



10

25

Example 5 Hydrogen Storage Particles: LiIA1H4 Thermal Promoter:
Graphite Carbon Microwave Power: 50W and 70W (Ramp) 20In this
example, LiIA1H4 was obtained from the same supplier as in exam

le
“?.?Wlsmg;’((g&ple is designed to show the effects on hydroger? 65@?5@5@8‘““9

wiers thenmicrowave pewer isvampgshkrars SOW 40 FOWEdurng the Guussenad
oc1; J_zhew%xsoegjrgeﬁ.n%@éhde rQJc[angvay% gene.rgtl%r was sv@tched on at SQW ot

for arotnd 125 minutes and then the polver was increased t5 7ovy f5ithe™ ™ -
ekt 45, midutesialhis examplelwas carricthoutfer altptafeh30minatess that
'Q%%“§%$§£§J@§§¥aﬂﬂ“9ﬁgeﬁ@QE@MQJQgt%CaBﬁfﬁkﬁﬂ%WQQtE AlH, and

microwave power from 50N to 70W, a second stage of hydrogen release
cottd heiRdaced R0 be ridtéd Hiatin thé first Stageef this experimens of
(i) whendhe power is at 50W), the hydrogen gas release profile has the

same characteristic_as that in,Fi%.63E, indicatin

W02~178678PCPBE2008/0002 hidh%b%&géﬁﬁﬁtyﬁé’re, 8wt erirogen
hdroger gastwas. edleased: Therefare] byratmping-ip:thei micrewave et reme
ST T M0 8 SN B O S B oo
idieating that extreme temperatures are not required to promptly release
hydrogen gas.
Example 4
- Hydrogen Storage Partiéles: LiAlH,
- Thermal Promoter: Graphite Carbon (10wt% and
20wt%)

- Microwave Power: 50W (Continuous)

In this example, LiAlH, and graphlte carbon were
obtained from the same suppliers as in example 3. This
example is designed to show the difference in the hydrogen
intensity profile when different wt% of graphite carbon
was used in the admixture with the LiRIH..

In the first sample, 1.0g of LiARlH. was mixed with
0.11 g of graphite carbon such that the wt% of graphite
carbon relative to LiA1H,; was about 10wtg.

In the second sample, 1.0 g of LiAlH; was mixed with
0.25 g c¢f graphite carbon such that the wt$% of graphite
carben relative toe LiAlH: was about 20wt%.

The microwave generator was switched on continuously
at S0W for around 14 minutes.

The results of this example are shown in Fig. 3B. It
can be seen Lhat the ratio of graphite carbon to LiAlH; has
a great influence on the release of hvdrogen. The higher

the concentration of graphite used in the admiszture, the

h

aster the rate of hydrogen release. For tThe admixture
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Example 6 .10- Hydrogen Storage Particles: Magnesium Hydride Thermal
Promoter: Graphite Carbon. Microwave Power: 50W (intervals)

W%Ig/léaP%nesium hydride (MgH2) was obtained from Alfa-Aesar with 95%
|

§/'AGnesium hydride was used without 15 further trea?rﬂ@ﬁf?m_}”m(’“‘m
Graphite2¢arban rad witta 90% purity Was-gbtained ﬁﬁg}mrgwg%lgygdlgse was
T raphite carbon rod was.crushed in a stainless steel crucible an .
T R L S ST o o o i rdspetvelyoR to
L@gponMgH2Ras mixedagitn0.25gof giaphite tarbbr 2G(@50:pm)rsuchei «h

t e wid hit n relative to that of M w bout . _
2%%5%%%%%%3{2% mguﬁég%vas? 5%%%&‘? ingtﬁe raé}é%%lou?%h)‘%osi‘%ﬁg?afﬂlﬁé“s 29
MiciBwave' generatdr (6 vilestohe Labstation)was eohfigared-toputsevh i ch
tbezmigtowaves emitedHere, themierawave power2% wasset atSOW, . ..
at intervals of about four to five minutes and at OW .fog all other times. The )
reaction was cartied duttor B0 minuted > Ot iEBElivef thaf the 16llowRg =
reactigrrécanteddaring the hydrogengretease: 3@%&%%%@&&3%11 gas
I thi ction, 7.6wi% of hydragen.was released at 350C. The
tﬁgorfe%%gﬁg%%hnt \g% ﬁy?lj’rgggn relea\gg is alsh .6€vt1%',DheOnLcer,1 ffgrogen gas
ititogén Stot&e materials released all of their hydrogen in this

experimenf. surface temperature of the hydrogen storage
materials was about 40-50°C  indicating that extreme
temperatures are not reguired to promptly release hydrogen

gas.

Example B
- Hydrogen Storage Particles: LinlH,
- Thermal Promoter: Graphite Carbon
- Microwave Power: 50W and 70 (Ramp)
In this example, LiAlH; was obtained from the same
supplier as in example 3, This example is designed to

show the effects on hydrogen gas release when the

D

microwave power is ramped Ffrom. 50W to T0W during the
course of the expesriment.

The microwave generator was switched on at 50W for
around 12.5 minutes and then the power was increasad to
70W for the next 15 minutes. This example was carried out
for a total of 30 minutes.

The results of this example are shown in Fig. 3C. By
ramping the microwave power from 50W to 70W, a second
stage of hydrogen release could be induced. It is to be
noted that in the first stage of this experiment (is when
the power 1is at 50W), the hydrogen gas relsase profile has

the same characteristic as that in Fig. 3B, indicating
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WO 2008/076076PCT/SG2006/0110400 The results of this example
are shown in Fig. 4A. It can be seen that hydrogen was rapidly released

Wg%gg}:gyeé(microwave generator is switched on. The hydrogen intensit

¥

Increases with the increase of irradiation time, indicating moi?gi@ %({%‘é%}?é%
refedsed frone thecmixtGret When the micréwave was furped offfthat isz at was
) intensity. of idrogen signalrapidly decreased. This shows
t%%éﬁ%%%roge%r%é%%%rbc%% vs\l/%glﬂ %vleggen%‘%, (%1 was términated, 2
WRET the fhiGreWaveisas switehéd offe10aite, the data shown in Fig.
4A cleagglya's_hprws_ thatthe gpgﬂg@@on Q_feghigg@imgve to-a mixture (g_fyd:__ ogen
MgH2 and graphite resulted in the rapid and controllable release of
Kydiogéf. Thé Sarface teimpeftare ot theHydrogBA storagecl s histefals reme
wasiabout 4050Caindicating thahextteme temperatiies are Not sequired-ogen
toapsromptly release hydrogen gas. Further, it can be seen from Fig. 4A
that there is a gradual decrease in the peak values of the hydrogen 20
intensity over the subsequent intervals when the microwave power was
switched on. This could be due togthg depletion of MgH, as the MgHa
dissociated to form Mg and H2- 25Example 7 - Hydrogen Storage
Particles: MgHZ S Th@wmal Proineter? GraphileCarbBrofiowtds algd ride
20Wt%) - Mic@mﬁﬁowe:rc;é%&Cogﬁaﬁga%é%a%ﬂexamp'e' MgH2
and graphite carbon were obtained from the same supplier as in example
6.This example s @esigred o showthé differentean the hydrogen
intensity:prebile; whem, giferent wite of graphitecarhon wasused inthe oo, -
admixture_with MgH,. W02008/076076PCDSG206/000400 In the first
Athle, 170y oF MgH2 was THREE With0. 1§ SFglaphité Tarboiesuchiiapout
therwtfeof graphiteecarbon relativestodMgHarwasaboutdOW% purity was

obtained from Sigma-Aldrich. The graphite carbon rod was
crushed in a stainless steel crucible and sieved by Retsch
test sieve to 250 pm, 150 pm and 56 pm, respectively.

1.0 g of MgH; was mixed with 0.25 g of graphite carbon

(130 um} such that the wt% of graphite carbon relative to

that of MgH, was about 20wi%. The resultant mixturs was
placed in the reactor (4] of Fig. 1. The microwave
generator (6) (Milestone Labstation) was configured to
pulse the microwaves emitted. Here, the microwave power

was set at 50W at intervals of about four o five minutes

2t

and at O0W for all other times. The reaction was carried

=
9}

S

out for 50 minutes.

It is believed that the following reaction occurred
during the hydrogen release:

MgHy — Mg + H

In this reaction, 7.6wt% of hydrogen was released at
350°C. The theoretical amount of hvdrogen release is also -
7.6 wt%, hence, the hydrogen storage materials released
all of their hydrogen in this experiment.
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In the second sample, 1.0g of MgH2 was mixed with 0.25 g of graphite
carbon such that the wt% ofHp.carbona , gr-nh'to relative to MgH2 was
about 20wt%. The microwave generator was switched on continuousl
WREEBUF10t around 35 minutes. The results of this exampIePé}E/ R RLeL LN 1
Fig. 4Bhi 160ean besseen thatilse rationaf traphite carbonrto MgHZdwas a4A.
reatinfiyence o the felease ot hydragen. The bigher ihe cancentealion of ..

graphite used in the admixtare, the faster the rate of hydrogen release.For

Ttk & HRITRIX SWiBF 2OWERA OF grapiite-Earbon, the-hythiSgély Feledss waktensity
fastes than thatofithe admixture: withd@wi% obgraphite:carben: The +ime,
‘hyd,rgw en ir]tensitx _gf the agmrjxtureﬁ,with 2vatg@ﬁgrrgptlige gﬂargg\rl! peakggjgg _
Arouia 28 finlites as CEMpAed to'the Admixture with (OWt%6 graphita - - -
Wwarhoncwhich peaked at around Zusminutes fTherefore, ashigher 204 , the
concentration of graphi rbon particles;ma; sired | lications,., .
W te”r%fjnl fhe Srbmqgf geég@,ge’%1 of Fﬁ%droég%]egas%?egq%%?éd%%%\%%%ég? This
Hyelrogerwas réleaserforboth SEMPRSE TR SGiface eafperstutebhithe ©F
JHydrogen storage 25 matarials was ahaut40;50€ indicating that-extreme = ¢,
temperatures are not required to promptly release hydrogen gas. Example

10 pB6eHydRgen Stérage Baticlds: MgH2 Therfdl Protofét“Biaptie™ tPe
fparbons Mietowave Rower ibOW o#8We and-30BW mixture of Mgl and

graphite resulted in the rapid and controllable reiease of

[#2]

hydrogen.

The surface temperature o¢f the hydrogen storage
15 materizls was about 40-50°C indicating that extreme
temperatures are not reguired to promptly releas.e hydrogen
gas.

Further, it can be seen from Fig. 4A that thers is a
gradual decrease in the peak wvalues of the hydrogen
20  intensity over the subseguent intervals when the microwave
power was switched on. This cculd be dus to the depletion

of MgH, as the MgH, disscclated to form Mg and Ha.

25 Example 7

- Hydrogen Storage Partvicles: MgH:

- Thermal Promoter: Graphite Carbon {(10wt% and

20wt %

- Microwave FPowern: 50W (Continuous)

30 In +this example, MgH; and graphite carbon were
obtained from the same supplier as 1in example 6. This
example is designed to show the difference in the hydrogen
inpensityf profile when different wt® of graphite carbkon

was used in the admixture with MgH,.
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this example, Mg52 was obtained from the same supplier as in example
6.This example is designed to WO 2008/076076PC/SG2006/000400

Wa%wg%&ﬁjﬁerences in the hydrogen intensity profile undergﬁ,?/%ggs 06000400
' ith 0-75°G o

microwave power conditions 1.0 g of MgH2 was mixed w
graphite’€arbbfi stieh $hatthamnite of gfiphité dégbon welative tathatofs 0.11

. '@"&%W@,%W@OM%Eﬂre?u%@mfglﬁ§t0f@?%amvﬁe @%mlﬂ“lé&?h‘y%ree carbon

used. ., The microwave generator was switched on continuously at 50W,
70W Ahd300W. ¥AETe4RFor HiftE-wh’"Eet to 8 to 10 minutes. 10The

results atthismexanpleraresshawrein kigo40o it canheseenthatthe, vy, o 25
micro%;vaélle %%vygrp hasa@ great i@jlﬁqgngengﬂn tllgﬂhyd@genl_intensitx 'p+rofi|e. .
T%eﬁﬁlghe'r € miicrowave power; the fster the rite “of hydroget retéage™ =~ oon
anglitheigreater thigameuant efthydrogémas released. 15 The surface

temperatyre QIitQEcEWQ!}%ge&‘&%QE%g;%g‘%%rjsa'ss‘éq";"i‘%c bo:':'ft %%-SOC EIie%%gusly

indicating that extreme temperatures are not require {0 prompﬁ%

Hydrogén §as. SOExEApi2 Hydregen Storage Particles: Mg2NiH4
Thermatisometer; Graphite:catban. Micrawave Power. 70 (tgrvals) . 1+
%%2N£H4 was regar_ed%y ball milling of MgH2 and metal 25 nickel _‘
paricles. The MJHZ was BbtaihedFrom AFAAESEF wih o5y pitit) Metales 2
Nickelwas-dBtainedsfrom Alfa-Aesar withD9%Urputityi 52 €hof Mghand: gher

of Nj were inta-a stainless steel jar inside lovebox ‘
: 5:%69 é&l{é’%%u]g@qﬁ%l'e KPu%héal}\ll:L(l-IZ%S&i IpﬁI"M,tg‘zg< %Sml)ﬁ(:t:ure,, the

(MBraun master 130) <
Taster the rate of hydrogen releass, For the admixture

with 20wt% of graphite carbon, the hydrogen release was
faster than that of the admixture with 10wt% of graphite
carbon. The hydrogen intensity of the admixture with
20wt% graphite carbon peaked at arocund 2.5 mirutes as
compared to the admixture with 10wt% graphite carboen which

peaked at arocund 4.5 minutes.

=4

herefore, a higher
concentration of graphite carbon paiticles may be desired
in applications wherein the prompt release of hyvdrogen gas
is required. 3.0 wt% of hydrogen was released for both
samples.

The surface temperature of the hydrogsn storage
materials was about 40~50°C indicating that extrems

Temperatures are not required to promptly relsase hydrogen

gas.
Example 8
- Hydrogen Storage Particles: MgH.
- Thermal Promoter: Graphite Carbon
- Microwave Power: 50W, 70W and 3lOOW
In this example, MgH, was obtained from the same
supplier as in example 6. This example is designed to
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30 PPM). Then, the jar was put on planetary ball mill (Retsch PM400) at
300 rpm for 10 hours. The final particle size is about 1 pm. Graphite
carbon rod with 99% purity was obtained from Sigma-Aldrich. The

WEraphitetarbon rod was WO 2008/07006PCUSG2.006/008466G Crig g0

in‘epstainless stééiferueible andisieved by Retsohdest sievedo250,pMrofile
150:em and 56, pm, respectively, . 1.0.g of Mg2Nili4 was mixed with

0.25 g of %]raphite C%Jfbon (150 p?f% Wsél:"f(':hct gtd tTl’\ldéngcft%/g of graphite carbon

to that of Mg2NA4Nwas abeat 2Owes. ThelreSulBntmixture wasplacedinbon

@@dﬁa@ﬁéenéﬁgkhﬂ%ﬂﬁ¥ graphite carbon relative to that of
microwave enerator(6)(MilestoneLabstation)Was configured to pulse the

Mcrowales emitfddHerE, the microwaVe poweF wisisat at 7AW aEe  above
ntervalsuofabotit five 46 Minutes and at OW for all other times. The
reactiog%\l/yjasmq@é[jggq out foorr goemgr]_uctgs.wa Itis beli%ved that the following
reaction occurred during the hydrogen rélease MgoNRIaME2Ni R sEpuots Ly
£5In TR red&fibra 37 W98 6f hydtbgenrwas réleased ae 250G, Fhe to 8 to
theorgtigal amount of hydrogen release is also 3.7 wt%, hence, the

hydrogen storage materials released all of their hydrogen in this

experimefit. THerEsaItS bf tHid exarmpRPafe SHEWFIPRRY. 5nitPhwcanibe Tt

seen thateclag period was requiresforthe.release.al:hydragen as N0+ 1 arce
hyldroggg g3s was released during the first interval of microwave heating.

Further, the peak Vaites of the fydrégek Titénsifyincreased oVt Bee s the
slbsenuent imemals indicatintgthat a timesperiockis tetjuired befere reicase

QHE”%%gﬂSQ%EQEpnggegﬁggit.of hydrogen gas released.

The surface temperature of the hydrogen storage

materials was about 40-50°C indicating +that extreme
temperatures are not regquired to promptly release hyvdrogen

gas.

Example 9
- Hydrogen Storage Particles: MgNiH,
- Thermal Promoter: Graphite Carbon
~ Microwave Power: 70W (intervals)

MgoNiHs was prepared by ball milling of MgH: and metal
nickel particles. The MgH, was obtained from Rlfa-Aesar
with 93% purity. Metal Nickel was obtained from Alfa-Aesar
with 99% purity. 5.2 g of MgH, and 5.8 g of Ni were loaded
into a stainless steel Jar inside a glovebox (MBraun
master 130) filled with purified Ar (H,0 < 1 DPM, 0, < 1
PPM) . Then, the jar was put on planetary ball mill (Retsch
PM400) at 300 rpm for 10 hours. The final particle size is
about 1 jum. Graphite carborn rod with ©0% purity was

obtained from Sigma-Aldrich. The graphite carben rod was
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After the ball milling, the Mg2NiH4 was still in an amorphous state. Extra
treatment such as calcination is normally required for the crystallization of

. Nj1-14, The lag period is also a pre-active process. 30
w%{loggg%%éog%PCDSGZOOG/OOO4OO Summary of Results for E\Q{XT/ TpteLpig
A SUrRhTEry Bt the Rydrogensibtensity Vaiesofithe above sexawrﬁﬁes>garh‘aetsch

be-seensinztables 1and anele\é!oTaR'ea%d SEW, A0 WA0MCTED,
temperature CC) LIAIHA 2.0E-11 6,0 E -
1.0 g "of Mg;NiH; was Haxed with 0.25 g of graphite

carbon (150 pm) such that the wt% of graphite carbon

5 relative to that of My,NiH; was about 20wt%. The resultant
rixture was placed in the reactor (4) of Fig. 1. The
nicrowave generaior (G} (Milestone Labstation) wag
configured to pulse the microwaves emitted. Here, the

microwave power was set at 70W at intervals of about Five
10 minutes and at OW for all other times. The reachtion was
carried out for &80 minutes.

It is believed that the following reaction occurred
during the hydrogen release:

MgleH.g ~> MgNi + ZH,

i5 In this reaction, 3.7wt% of hvdrogen was released at
250°C. The theoretical amount of hydrogen releases is also

3.7 wt%, hence, the hydrogen storage materials releassd

all of theilr hydrogen in this experiment.

Hh
-t

The result

i

0 his example are shown in Fig. 5. It
20 can be sesen that a lag period was reguired for the relesse
of hydrogen as no hydrogen gas was released during the
first interval of microwave heating. Purther, the peak
values of +the hydrogen intensity increased over ths
subseguent intervals indicating that a time period is
‘reguired before optimal release of hydrogen gas.

After the ball milling, the Mg,NiHs was still in an
amorphous state. Extra treatment such as calcination is
normally required for the crystallization of Mg,NiH,. The

lag period is also a pre-active process.
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168, 241, 443 LiINH2+2LiIH 7.0 E-12 224 4E-122,0E-12 4.0E -11
334 .., Tin; 2,5E-12 250, 331

WO 2008/476676 BCT/S5G2006/600400

Summary of Results for Examples 1-9

A summary of the hydrogen intensity wvalues of the

above examples can be seen in Tables 1 and 2 Dbelow.
Teble 1
50 W 70 W 300 W TPD temperature (°C)
LiAJH, 2.0E-11 6.6E-11 - 168, 241, 443
LiNH+2L1H 7.0E-12 : 224
MgHy 1.4E-12 20E-12 -1 40E-11 334
MegaNiH;, - 2.58-12 250, 331
Table 2
30w 40 W S0W 70 W
LIAIH+C (20%) (°C) 87 104 107 117
MoH, +C (20%) (°C) | 28 63 139 -
The Temperature Programmed Descrption (TPD)
temperature is the temperature at which Thydrogen is

released from the hydrogen storage particles. The TPD
temperatures indicate the temperatures at which hydrogen
ié released during conventional heating.

As shown in Table 1, the hvdrogen intensity decreased
according to LiAlH; > LiNH, + 2ZLiH > Mg:NiH; > MgH;. This
is the same order as the first hydrogen desocrption
temperature. Therefore, tThere is gbod correlation between
the microwave heating and fraditional conduction heating.

In Table 2, the surfacs temperatures of various
hydrogen storage particles under different microwave power
conditicons are shown. For both samples, there was an

increase in the surface temperature with an increase in

the microwave pPoOwsr. It is to be noted that these
temperature values are much lower than the TPD
temperatures of Table 1. Hence, +this mayv indicate that



Table 2 30W 40W SOW 70W LiAlai+C (20%) (C) 87 104 107 117 MgH2
+C (20%) CC) 28 63 139

WG 2008/076076 PCT/SG2006/6004040
microwave resulted in heating up of the internal regions

of the hydrogen storage particles.

ut

Bxample 10
- Hydrogen Storage Particles: MgH;
- Thermal Promotsr: graphite carbon
- Microwave Powsr: 100W (continuocus)
MgH, particles and graphite carbon were obtained and
10 prepared as disclosed in Bxzample 6.
0.5 g of MgH, was mixed with 0.125 g of graphite

carbon such that the wt% of graphite carbon relative o

that of MgH, was about 20 wi%. The resultant mixture was
placed in +the rsactor (4) of Fig. 1. The microwave
15 generator (o) (Milestone Labstation) was set to

continucusly gensrate microwaves at a microwave powsr of
100W for about 15 minutes.

The resulis of this example are shown in Filg. 6.

Table 32 shows the Peak area and energy input £for the

20 microwave heating and Fig. 6A and tube furnace heating

(Figs 6B, &C) .

Tabla 3
Microwave heating, Tube furpace, 100 W | Tube furnace 500 W
100 W
Peak aren 1.42 . 1.46 1.64
{ % E-6}
E jppu (KI)* 90 582 510
Einpur (kJ) = P (W) * t{s) /1000

As seen in Fig. 6, the hydrogen came out almost
immediately once the microwave was switched on. It can
also be seen from Fig. 6 that for conventional heating

{tube furnace), the higher the power, the more efficient
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TheTemperature ,ProgrammedDesorption(TPD) temperature is the

temperature at which hydrogen is 10 released from the hydrogen storage

ﬁ%rt(gg/lg%séb%he TPD temperatures indicate the temperatures at which ‘
y&rogen IS released during conventional heating. As sHEER T PABIG <00

1% the Rydroger inteRsitydekréased detording tosliABd4 >l 1R ¢ 2BiH the
»Ma2ZNiH2:10H4 This;Lais the samg grder as t%grs£gggrogggtin?ﬁ but
n e

desorption temperature. -Therefore, there is good correlation betwee

micFoWaVE RE&Ting GhE HEdIitoTaP LoRaTctiohtidating? mim Table@rthe00 W

sustacertemperaturesrefsarious:hygeogen.stonageparticles ynder different « .
m'}%%/vavg ﬂpmog/\jzglrwzo cgggvigigns a[g1sggwn. For bpm \sample}s;,ﬁthere was

an increase in the surface temperattfe-withah- mcréase in thePmicibivaverave
per: ittis 1y be moted thattheses temperatuse values e muchdewer;drogen

than the TPD temperatures of Table I. Hepce, this ma indicat%that WQ

2008/076076PCUSG2006/00040 microwave resuited in ety up of the 77

iRkTHAl regisHs i e MdréGes storage particles. Example 10 Rydrogen
Storage Paiticles MgH2 Thermak Promater:; graphite carhon Mictowaye. ., ;-

Power: 100W (continuous) mgH2 particles and graphite carbon

Wére Gbidifed ahd 1t prep&rddtas discidsarfin Exapifle 62LEigBglf than
Mo92amas mixed withi(. 225 g of graphite carbon such that the wt% of
graphite carbon relative to that of MgH2 was about 20 wt%. The resultant

mixture was placed in the reactor (4) of Fig. 1. The microwave

Example 11
- Hydrogen Storage Parfticles: LiH, LiNH,
- Thermal Promoter: graphite carbon
- Microwave Power: 100W {continuous)

0.50 g cof the mixture of LiNH. and LiH which was
prepared as disclosures Example 1 was mixed with 0.125 o)
of graphite carbon such that the wtg of graphite c;arbon
relative to the above mixture is about 20 wts. The
resultant mixture was placed in the reactor {4) of Fig. 1.
The microwave generator (6) (Milestone Labstation) was set
to continucusly generate microwaves at a2 microwave power
of 1C0W for about 20 minutes.

The results of this example are shown in Fig. 7. As
seen, the hydrogen came out zalmost immediately once the

microwave was switched on.
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15 generator (6) (Milestone Labstation) was sat to continuously generate
microwaves at a microwave power of 100W for about 15 minutes. The
results of this example are shown in Fig. 6. Table 3 shows ‘PS@%%‘%.%&%M@

WO 2008/876076 .
an

energy input for the 20 microwave heating and Fig. 6A an
furnace heating (Figs 613,6C). . TabE232_4 As seen in Fig. 6, the

hydrogen came out aimast,imypediately| once fhe-microwave Was Switched
on. It can also be seeR fromd-ig: 6cthat for ggnyentional héa in:gg lpe ~"71acE

firhace), the highet the ppwer, the more gfficient-Wo
2008/Q 6076PCUSG2006/00400 for the hydrogen release. AS d4h be see
nnnnnnnnnnnnnn H

(Tube furmage). The:m

irlnll Tablcﬂ 3,Tth,c pe& area-was atmost-tne O 2-TUHD —Q%tlngfblvlt‘—»-m————
frieydrdgen releasé completes within 3 Hiinutes for 500 W haating
DOWE be-furnace hile.it.is-1.00 2 QOW heating. power

owave péa)finytelyg%npws the most promising

results for hydrogen release in that the release of hydrogen completed
within about 15 minutes by this method. Regarding to the energy

efficiency kmictewavesheating: 1) isiabout § te abows, timesmare efficient , ..
than con\ﬁe\fngtggl)na{IDh(r:_ei ting. Example 111H%drggen Storage Particles: LiH,
LiNH2 THermal Promoter: Graphite carBof - Midrofave Pole?: 1obrer  the
(contimuous)e mo@.50«f ¢fitheemixtuirerofdiNER ahcbkikhwhichasas . zs can
prepared as,disclpsures Example Lwas mixed with 0,125 9.20,0f graphite
carbon such that the wt% of_gragjm_te carbon relative 1o the abé%é msi%‘d?e ot
ishhout 2Pt S Thé Rsultdhit mixtire way pleedrin the teactor (4yofoletes
Rigedi h@miﬁmz@/@sge_f@fat@b66)v(MM@§@D§9L%9§&%Pn;Wﬂ§eS%%ace) ,
cont ncyousﬁ_[y g,enerziltoeomlcrowgves at a microwave power 25 of 100W for
3'6 ‘Zohﬁnuﬁ%. minutes for. LO00W heating powsr (Tube
furnace). The microwave definitely shows +the most
promising results for hydrogen release in that the release
of hydrogen completed within about 15 minutes by this
method.

Again, in this ezample, microwave hszating was about §

Lo about 9 times more efficient than conventional heating.

Bxample 12
- Hydrogen Storage Particles: LiH
- Thermal Promoter: Graphite Carbon and Aluminum
Foil
-~ Microwave Power: 100W (interwval)

Lithium hydride was obtained prepared according to
the disclosures of Example 1. This example is designed to
show (i) microwave irradiation is capable to release
hydrogen from very stable metal hyvdride such as ©LiH, on

which, hydrogen release need temperature as high as 650°C;



R

The results of this example are shown in Fig. 7. As seen, the hydrogen
came out almost immediately once the microwave was switched on. 30
WO 2008/076076PCT/SG2006/000400 Table 4 Einput (kJ) =P Q;Ng *t(s)
WP EHGU°[TRE in Example 10, it can be seen from Fig. 7 that 1§ %G G2006/000400
corventiondl hebfifig fube furdddd e tirhigherthe pofert the-medre promoter

efficientdoetheRydrogen releasenAscanbe sgedr Table 4, the peak area
was almost the Same for the tube heating, but the hydrogen release

completes withi? 25 minuteSTdF 5B hédting Bowsr PrulE-fiphade), t8rbon

whiletit isr00 mirutes forcl00Wheating powerT ubeifumace) ~the he apove
icrawave 9 finitely shows the most promising results for hydrogen

re easg n thagtsthg“%?éILé'%séD’:’)‘?E hydrogen completed within about 15 minutes

by this method. ofAdaif, invthis exameple, mictowave heating wasaboyts or

Sloabout- times mareefiigient than copyentional ieating, Example 12, .

25- Hydrogen Storage Particles: LiH Thermal P_romotér:chgr“apﬁljtgeqcei’"rl:’)oﬁtJ“ve

and AllmintA Eoirmickoway e Pewer oW (ifitérval) Lithiurd hydride:was 11 s

abtainedh peepared @ccendingto-30 thedisclesures ahExample Jo This 4 4rp,

exam Ig,ﬁ dgsir%qed to show (i) microwave irradiation is capable to

release
The resultant mixture was placed in the reactor {4)

of -Fig. 1. The microwave generator. (&) (Milestone
Labstation) was pulsed cnce at 100W for about two minutes.

The results of this experiment are shown in Fig. 8.
It can be seen that hydrogen intensity promptly increases,
which indicates the hydrogen release, once the microwave
generator  was switched on. The  hydrogen intensity
gradually increases with increase of heating time. When
the microwave was turned off (that is, at OwW), <the
intensity of the hydrogen signal decreased immediately.
This showad that the hydrogen relszase procesgs was weakened
or was terminated when the microwave was switched off.

With the same concentration, the use of aluminum foil
as the thermal promoter particle enhanced ths rate of
hydrogen gas released from the LiH particles as compared
to the use of graphite carbon as the thermal promotern
particles. This showed that the aluminum foil aided in
the achievement of the hydrogen release more rapidly as
comparad to graphite carbon.

LiE is known in the art to have a high hydrogen
release temperature of around 696°C as determined via TPD
experiments. LiH dis seldom considered to be a feasible
source of hydrogen due to the high temperature needed to

release the hydrogen even though it has a high hydrogen

35



>

10

15

20

30

hydrogen from very stable metal hydride such as LiH, on which, hydrogen
release need temperature as high as 650C; WO

0 76PCT/SG2006/0004011 (ii) the effects of different types of
Wtéi%%?nég}lzg(%moter Particles on the hydrogen release profile. P “}’lgﬁﬁ'{ﬁ’%‘f‘} 406

| AN W ixeTRFith BY119g of grapKité carbdhsanh aaheinm she use of
geaphitercarbarvtelative to-therakave Siphdurewas.ahoutiowt%,., 1.0, ..
9.0f LiI—}(\eN‘z;\es mj_)xedfwi%h 0.11 g of gtrigs of aluminum foil such that the wt%

of aluminumfoil rélative T e above fixture wWaESBo i i ERgH: That crowave
alumindim foils el amavedage [Bgth of about 5 mm and an average

width 1Q.gf.ah mm,. . The resultant mixture was placed inthe =~
reactor (49) of g:%a%if Tm%n%icrggéve Qgéne?@t%?f% (I\ﬁl%%?c?r? & LabStafiony =2
WA SHsE BheE & 00V deitalseLr tweminatess Thetresults. efthis hydrogen
experimentare;showsn i Bige 8,cLb- It can be seen that hydrogen jntensity, .
pégrggtlyjncrealses\,avxhich“indicates the hydrogen release, once the

microwave gen&ratorwak siitthed sht FHeAftdrogen intensity gradually
increases with increase of heating time. When the microwave was turned

off (that is, at OW), the 20 intensity of the hydrogen signal decreased
immediately. This showed that the hydrogen release process was
wedletieddr Was terinatetewhen the microwave was switched off.

With the same concentration, th%fgﬁgluggnum foil as the thermal

promoter particle enhanced the rate of 25 hydrogen gas released from the

LiM particles as/€8iipared t6 Hroase si-§iaphite ‘cdfbbn as e thermal

promoter partiglgs. This showed that-the alyminum foil aided in the
achievement of the hydrogen release more rapldly as compared to

graphite carbon. 30LiH is known ihtR&BRt o Havecs high Rydegen

release tempesaiwe-of @pund 696bas determined via TPD experiments.
LiH is seldom considered to be a feasible _source of hydrogen due to the

high temperature needed to releas8 TRERYdrog8I&Ga tHatReh it has a
high hydroge$ample (C) = 70W (pulse),

thermal Promoter: graphite carbon

- The MgH, was obtained from Alfa-Aesar with O95% purity.
Magnesium hydride was used without further treatment.
Metal Nickel was obtained from Blfa~hesar with 98% purity.
Nickel was used without further treatméﬁt.

In (a), 0.47 g of MgH; and 0.53 g of Ni were simply
mixed in a container and were not subjected to ball
milling.

In (B), 5.2 g of MgH; and 5.8 g of Ni were loaded into
@ stainless steel jar inside a glovebox (MBraun master
130) filled with purified Ar (H.0 < 1 PEM, G, < 1 PPM;).
Then, the jar was put on planetary ball mill (Retsch
EM400) at 300 rpm for 10 hours. The final particle size

was about 1 pm. 1.0 g of the admnixture was used.
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WO 2008/076076 PCPSONWWWW.PM storage capacity of
12.5wt%.Advantageously, the use of aluminum foil as thermal promoter
%Bigfl{%%rp(ay promote the release of hydrogen from LiH under moderate
icrowave’ conditions of around 100W. 5Therefore, the use GF tRerHaIo4e0
promoieraldcundesmiciowave cenditions may beised %eleaserity was
bhygrogen,from hydeagen storage; particles that may lequire.extreme, ¢ v as

conditions under conventional means. 10 Effect of Particle Size Example
a3 edroben St rage  PARKIES: MgHSE NG L8aMpIe €A S00%¢ (pilséet sch
dsthermal Prometers pong; SaspleB)-730Wepulse), thermadPremoter: 1. ¢

none Sample (C) ==70W (pulse) , thermal Promoter: graphite carbon 20
TheMEEZ Was Shtained from AifatAssarwith 859 prity: Maghasiom =" <"

tydtide measvtised Without-further treatment: Metal Nicket waszobtaihedoN1iH,

&réjén é,l)fgg%e%rw\@_figh 99% purity. Nickel was used without further

treatment.

The resultant mixtures (A), (B} and (L) were placed
in the reactor {4} of Fig. 1. The microwave generator (6]
(Milestone Labstation]) was configured to pulse  the
microwaves asmlitted. Here, the microwave power was set for
(AY, {B) and (C) was respectively as follows:

(A} : BOOW for about 5 minutes;

IB): 90W for about 5 minutes; and

{C): 70%W for about 2.5 minutes.

The rélease of  hyvdrogen was xecorded by mass
spectrometer (12) of Fig.l and the results can be seen in
Fig. 9. It will be noted from Fig. 92 that without ball
milling, no hydrogen was released from the MgH;+Ni sample
(A} aven ihough the microwave powser was as high as 500 W.
However, as will be noted from fig. 9B, after the ball
milling, trace amount of hydrogen can be released from the
mixture sample (B) at 90 W of microwave powsr. As will be
noted from Fig. 9C, after the addition of graphite carbon
as a thermal promoter, hydrogeﬁ was promptly released from

sampla {(C).

Bxample 14
- Hydrogen Stcrage Particles: LiNH.~LiH

- Microwave Power: 70W (pulse)

-~ Sample (A) = thermal Promoter: graphite, 5opm
- Sample (B} = thermal Promoter: graphite, 120um
- Sample {C} = thermal Promoter: graphite, 230um
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25 .In (A), 0.47 g of MgHZ2 and 0.53 g of Ni were simply mixed in P

container and were not subjected to ball milling. In (2), 5.2 g of MgH2
and@f’é.{?_g of Ni were loaded into a stainless steel jar inside aglovebox o
(MBYAUR Master 30 130) filled with purified Ar (H20 < 1 PPNI- b2 @4e/n0t400
PPM). Thén, Bélfr 9045 pltorPplanetary: ball fiill (REmERPM400)7at 308 and

rpmyter) 10eursThe-dinal paricle size was about Lum 10 gafthe . 40,
admiéture Wc'g.lg used. WO 2008/076076PCUSG2006/000400 In (C),

graphite"Carbo Fod WRAE956 Bt WaCEhARRd HSTR Sigh@-Aldriche  same

Theographitescarbonirod svasictusheshiniastainlessesteelGrhgible and,) | (py
leved by, Retseh test sieve to 250 150 pm angd 56 um, respectively.

D o we SR A B ot AR o bork Sae et e =

Wi ofgraphiteccarbeh Fakativeatotthat of Mg,Nild4 Wwasmabayt 20896. ¢ and

The resultant mixtures (A), (B) and (C) were placed in the reactor (4) of

Fig. 1. The microwave generator (6) 10 (Milestone Labstation) was

configutéd to pUiSE TE micPdwave&mitei. Heres thesricrodeve power mass

wasset-tordAgr(B) and (€ wassrespeetively-as folloyws: (4): 500W oL ..., 4,
q.b%ut 5 inujiets; Ei); ?O@/@for abo%t @minuteg; and 15(C): 70W for about

2 Eminutes. & felease of hydrogertwas-fecorded by madgticle size
spectismeter (£2) ofFigoand the resultscagrberseem in Fige Settwillbe  «he

‘E@@QJ@@H Figr%ég@e%itho%@l milm Egllfiio_‘gydrlgge_nu%%sé l[elea%ed B .

from the MgH2+1lii sample 20- (A) even tholigh the microwave poter Was™ "
a$ High 38 SB0 WoRridwever sas Wil betHdted fiom Fig. 188, aftéithe BAID um
miling, trase pmount:af hiydragen-can beyeleased frg%@@smjf(fzur%ecreased
samgle B) at 90 W of microwave power. As will be noted from Fig. 9C,

aher f%%géggdiﬁgn of graphite carbon 25 &% therdl prémbtef hyirogen

was promptly released from sample (C). Example 14
Comparative Examples

Comparative example 1
- Hydrogen Storage Particles: LiH, LilH,
-~ Thermal Promoter: None
- Microwave Powsr:; 700 W (continuous)

The hydrogen storage particles (LiH and LiNH,) used in
this comparative example 1 are the same as those used in
examples I and 2. The difference between comparative
example 1 and examples 1 and 2 is that graphite carbon is
not added to the admizture. Further, the microwave power
used in this experiment is 10 times that used in examples
1 and 2, or at 700W.

The results of this comparative example 1 are shown
in Fig. 2C. As seen, no hydrogen gas was released. The
mixture of LiE and LiNH, was inert to microwave radiation

even though the microwave power was set to a value as high
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30- Hydrogen Storage Particles: LINH2-LiH Microwave Power: 70W
(pulse) Sample (A) =thermal Promoter: graphite, 56um Sample (B)
-thermal Promoter: graphite, 150pm Sample (C) =thezmal Promoter:

WErABRIE 350pm WO 2008/076076PCPSG206M00400  FEHESZAPSGRHO

storageparticles (admikture of MR andrLiNM2) asdtheimalprometeruse  of
g%%%%@@e%%ﬁa@gnwé%gﬁt@%%em@ie were prapared agearding «y.e

0 the same procedures of those in example 1.For samples (A), (B) o and
(C)L 876 thérmdl B RTEr WES RN §Eihite (CQFBoF (BF WithTeSpective.
particle sizes 56pm C, 150pm C and 250pm C. The release of
hydrogen was recorded by mass spectrometer (10) of Fig. 1 and the
results can be seen in 10 Fig. 10. It will be noted from Fig. 10 the particle
size of graphite carbon hasarsignificant effectoheth@ hydrogen released

partcles it 150 S Ahaty 1 Beot FebtS TH hytioush intensy
decreased 15raecordingrtodine wrder a-bs0 um > 250 um > 56 pm.
S s ST el At ggen Strge

The hydrogen storage particles (LiALH,) used in this
comparaﬁive example -1 are the same as thosa ussd in
exémples 3 to 5. The difference betwsen comparative
example 2 and examples 3 to & is that graphite carbon is
not added to the admixtures. further, the microwave power
used in this experiment is 9 times that used in exanmples 1
and Z, or at 450W.

The results of this comparative example 2 are snown
in Fig. 3D. As seen, no hydrogen gas was released. The
LiAlH, particles were Inert to microwave radiation 2Vven
though the microwave power was set To a value as high as
450W. Therefore, it can be seen that the use of graphite
carbon as thermal promoter particles aided in the release

of hydrogen from hydrogen storage particles such as LiAlLR,.

Comparative example 3
- Hydrogen Storage Particles: MgH.
-~ Thermal Promoter: None
- Microwave Power: 1000 W {(continuocus)

The hydrogen storage particles (MgHz) used in this
comparative example 3 are the same as tThese used in
examples & to 8. The difference between comparative
example 3 and examples € to 8 is that graphite carbon is
not added to the admixture. Further, the microwave powealr
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- Microwave Power: 700 W (continuous) The hydrogen storage particles
(LiH and LiNH2) used in 25 this comparative example 1 are the same as
W}p%%%/hj%? 6in examples | and 2. The difference between com e}gatlg{? 000400
! ple 1 and examples 1 and 2 is that graphite carbon is h (o[RS
theeadniiRtutd Rurthep aRéiicfowave pBReF used it s expérfmentis o 10

limes thatused jiexamples;30% apd;2, or at 700W.  The results of this
comparative example 1 are shown in Fig. 2C. As seen, no_hydrogen gas
was refeased SPie hiixtife of i€ andiiRE2 WS ineHA8Microwaves S1ow!
radiation. even, though theam|crewaveypeweewas set valbesasshigh The
WO 2008/076076PCDSG206011400 as 700.Therefore, it can be seen .,
ttthe e oF graphite carbon as thermal promoter particles aided inthe
releasg oftydrogen froavhydrogen storage particlesaCompagative nigh as
expple 2 nfidiegen Stgrage Paigles:Li1 44,5 Theynal ROrteh s apins e
one' - Microwave Power: 450 W (continuous) 10The hydrogen storage
partielss (RFAIARB38A In BFSEBHardtve dxarisle 2L thésaiigag L ease
thoseusedinexaraples Zitebe T hewdifferencehetwees comparativerigH; .
example 2 and examples 3 to 5 is that graphite carbon is not added to the
admixture. Further, the microwave power 15 used in this experiment is 9
times that used in examples 1 and 2, or at 450W. The results of this
comparative example 2 a&gﬁggygggfgge@méiéegn, no hydrogen gas
was released. The LiA1H4 particles were inert to microwave radiation
even - Hydrogen Storage Particles: MgH

- Thermal Promoter: None
-~  Tube Furnace Power: 500W (continuous)

MgH, particles were obtained and prepared as disclosed
in Example 6.

0.5 g of MgH; was loaded into a fix bed stainless
steel tube reactor with 5 mm inner diameter and 300 mm
length. The rsactor was then placed into a tube furnace
(Elite). The +tube furnace was controlled by a power
transmitier which can be adiusted for diffserent power
cutput. The temperature was recorded by a thermal meter
with X type thermocouple. Purified Ar gas was controlled

by a mass flow meter with 50 ml/min flow rate and used as
a carrier gas. The outlet gas was connected to a mass
spectrometer (Omnistar) for analysis.

A tube furnace was used as a heating device. The
tube furnace was equipped with heating elements
surrounding a ceramic tube that was usually about 250 mm

rin length and 20 mm in diameter. The stainless steel tube
reactor was placed into the tube furnace and the tube

furnace was set to 500W for about 33 minutes.
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20 though the microwave power was set to a value as high as 450W.
Therefore, it can be seen that the use of graphite carbon as thermal

Wﬁromoter articles aided in the release of hydrogen from hydrogen stora%em
I

AHIEESYch as LIAIHA. 25 Comparative example 3 HydrobeR Stiidd¥
Particlése ML Thewdal tPromoteriidive 2Nicrolewe Powerid006wW  As

dgantinuous) 30The hydrogen starage particles Mgk usedin tisytos o

comparative examplé 3 are the same as those used in examples 6 to 8.

- différencel Bétafeentomparativé exaimplé 3°&nd e@mp g gFisewave
thatgraphite.carkon is notadded o the pamixtuee. Fwthes stheynicsowavea s
power WO 2g08/117@976Pg'[ﬁ/§6g0061001)499rgg&d in this eé@%ﬁ%@%”%a

S abotit 2t tifes that Used m'eXaniplés & and' 7, or at 1000W. e’ ~5°
resulisof thisseompserative:exarhple Buareshkowre in Big: 400AS .seéngro the

ydrogen gasugs feleased, I he Mak2-pasticles were inaltiogmicranave .,
radiafion even though the microwave power was set to & valué as high as
dDoaVesTherefdre, Heabe séén that the use of graphite carbon as

thermal promoter particles aided in the release of hydrogen from hydrogen
storage particles such as MgH2. 10 Comparative example 4 - Hydrogen
Storage Particles: MgH2 - Thermal Promoter: None 15- Tube Furnace

Power: 500W (continuouSpmparative example 5
-~  Hydrogen Storage Particles: Mghs
~ Thermal Promoter: hone
- Tube Furnaces Power: 100W {continuocus)

The conditions for this experiment are the same as
those in Comparative Example 4 with the exception that the
microwave power 1is set at 100 W instead of 500W. The
reaction time for this experiment is 100 minutes.

The results of this example are shown in Fig. 6C. As
seen; using a tube furnace with the same heating power as
the microwave power of Example 10, the tube furnace method
resulted in the release of hydrogen gas after a long
paricd of time. The hydrogen gas started to be released
after about 75 minutes of heating. The same amount . of
hydrogen gas was obtained as in Example 10.

The results shown in  Flg. & demonstrate that
microwave heating reguires less power and results in more
immediate release of hydrogen gas as compared to the tube
furnace heating mathod.

Referring again to Table 3 above, the peak area
indicates that similar amount of hydrogen gas 1s released
and measured during the microwave method (Example 10) and
the two tube furnace methods (Comparative Examples 4 and

5). The smaller energy input suggests that microwave
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Wbr?msi@pﬁig(giameter and 300 mm 20 length. The reactor was then
Into a

MgH, particles were obtained and prepared as disclosed in Example 6.
0.5 g of MgH2 was loaded into a fix bed stainless steel tube reactor with 5
laced
ube furnace (Elite). The tube furnace was controlled %??ésr?c?\?v"e"‘é‘}"‘m“’
transmitter WHie €an be ddfustedfok differebt power otifput THecient than
teraperatreayas secordedbya thermal meter with K type thermocouple.
Purified Ar gas was controlled 25 by a mass flow meter with 50 mi/min
flow rate and used as a carrier gas. The outlet gas was connected to a
mass spectrometer (Omnistar) for analysis. A tube furnace was used as a
heating device.The tube P%Q%%% was _?emqu_; ,pa%ld s(véthgheating elements 30
surrounding a ceramic tube that was usually about 250 mm in length and
20 mm in diameterc The staintessssteettubelreactariiias plaged into the
tube furnace ggd thg_fLuQe furnicgw sef to 500W for about 33 minutes.
WO 2008/07 6G2008A00400 “"° The results of this example are
shown in Fig.16inAS seerdhethydeagerh a8 wasreteaserafter 17

- minuteg of heating,; Therefors, it can be, seen Hiaaéa“i‘ﬁé‘&i%%&a"&@%&oé’d as

results in a more immediate release of hydrogen gas 5 as compared to
tHestubefafndce mEthed @vén though the heating power of the tube

furnace wassset 1o &-{imes the microwavepowery dhesame amoyntoh into
hydrogen gas was obtained as in Example 10. 10 Comparative example 5

2 Hydrogétr Stotade Pafiicies? MgH, - THeTmalProister” None 2 Tde +70e”
FuanacesPowerd 10Q\WY (eantindoyshl5Thezcondiions:forthis experimentzced

§§%gma%ﬂn%gge furnace (Elite). The tube ZIfurnace was
controlled by =z power transmitter which can be adjusted
for diffesrent power output. The temperature was recorded
by a thermal meter with ¥ tType thermococuples. Purified Ar
gas was contrelled by a mass flow metsr with 50 ml/min
flow rate and us=ad a2s a carrier gas. The ocutlet gas was
connected to a mass spectrometer {(Omnistar) for analysis.
The reaction time for this sxperiment is about 32 minutes,
The results of this example are cghown in Fig. 7b. As
seen, the hyvdrogsn gas was released after about 13 minutes
of hsating. Therefore, it can be seen that the microwave
method results in a more Immediate releazse of hydrogsn gas
as compared toe the Tube furnace method even though the
heating power of the tube furnace was set to 5 times the
microwave power. The same amount of hydrogen gas was

obtained as in Example 11.

Comparative example 7
- Hydrogen Storage Particles: LiH, LiNH:
- Thermal Promoter: Nons
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those in Comparative Example 4 with the exception that the microwave
power is set. at 100 W instead of 500W. The reaction time for this

WQg)é;})eriment is 100 minutes. The results of this example are shown in

Fig.
0/%@26%(’seen; using a tube furnace with the same heatin%c%%;é?(' @%ﬂ%‘m
microwave pdwee of Exasfpie 10y the: tubeJiirnaeerrhéthorsulted in the

release;of hydrogen.gas.after a long: period of fime. [the ydrogen 9asne =

started to be released after about 75 minutes -of heating. The same

HiRGentist J5pREGER GasiHaSBbtairfedddh EksmpleCE L orrhgnat the

esults;shewnimkig. 6 demenstrate thatomigrowave: beatingsrequires.less The
ower and results in more immediate. release, of hydrogen gas as

‘vp’\.‘"‘:““‘ir‘\ oy i el ey e s = Fo =]

CHMDArRY t61RE tibe furnate Fieatifig Method “30RefeH IRy Again to Table

3 above,dhe peak ateaindidates that simitar amowitofhydrogéhogasis As
Jeleased and measured during the migrowayg mefhad (%é%g%eg%%éﬁr&:

the tv’vQ tube furnace methods (Comparative Examples 4 and 5). ‘
‘Sraaller erergy phesaggedts thalicfowave We tube furnace method
2008{Q6(176PCT6620061QM400 heating methed.is ghout e 6, limes 1 ong

more efficient than the tube furnace heating. Comparative example 6 -
A%ydrogder? Stordgé Partitles: BHFENG? TREfna Pronidter- Nofg ThBeeased
FHuraace=Power; 300Whicontiagousy headiHandhiNHR particlas wefe 115
Loiained and prepaced gs 10 dislosed in prample AL o @oLME, oo
mixture of LINAIZ and LiF was loaded into a- fix bed stainless Steel tube ° -
TeactormdtheBmim inrmel dianietarcandi360 wam lehgii. Fe feacior wasnple
sthen placed into a tube furnace (Elite) The tube furnace was 15 controlled

by a power transmitter which can be adjusted for different power output.

The tetfiferaftfé WasSrecSddtFby a-fthernidineter wittiRAypatrate  that

rhermaecauple.Rurified Argas was caaiyellgsbby:a raass flaw meter with more

S9mVmin flow, rate and ysed as,a carrier gas. The outiet gas was

the tube
furnace mathod.

Referring now %o Table 4, the peak area indicates
that similar amcunt of hydrogén gas 1s released and
measured during the microwave method (Example 11) and the
two tube furnace methods (Comparative Examples 6 and 7).
The smaller energy input suggests that microwave heating

method is about 8 to 2 times more efficient than ths tube

furnace heating.

Applications
As discussed above, the use of thermal promoter
particies in an admixture of hydrogen storage particles
and thermal promoter particles may promcte the release of
hvdregen gas from ths hydrogen storage particles under

irradiation conditions.
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20 connected to a mass spectrometer (Omnistar) for analysis. The
reaction time for this experiment is about 32 minutes. The results of

Is,gxample are shown in Fig. 7b. As seen, the hydrogen _
W<?:jleoagééed}after about 13 minutes of heating. Therefore, it cmygs%e%é’%ﬁéﬁoé)ﬁ 0

the mitr6ware 25 Héffivd résditeiTea nfore IMKIEHSR reldie of Tom  the

‘hydrogen gas as compated-tothedube-furnaegamethod @verthough éhe  of
:hea%ting power of the tube fyrnac_e was set to 5mtimeg \Eg% i(ni% owave, . ..
& TheSamd thotiftoftfdroge gas was obtained as'in Example ——©
ikl -3 Camparative:examplecs: t Hydrogen StdragecRPartieles! LiHyLiNHRave
- Thermal Promoter; None 42 WO 2008MZ6076PC T/SG2006/0004005 -y
ube Furnacé Power: 100W (contintious)  The conditions for this
sexpermentarethe sémecaxithivsedn Comparative Exaiiple ®&ith tife-crage
£xception that the: micrawave poweris set at:A00 W instead of 500Wi the s,
“reaction time for this experiment is 200 minutes, The results.of this

S| Bre SHown ARG L7, RECRSE Using a tube Turnace Wwith the s&te ©F
sheating:pewgk as the migrowave powet of Examplerll, the¢ubeddmaceure,
method resulted in the, release of hydrogen gas after a.long 10 periad of
FHRE TH& Aydrdgen gas started “tg%g released a té% about 25 minuteseaf . 515
‘heatingcarida totabokkl Sorintites isegiiirdd fof tHe 16tal refedaseefes with
gygr%g%r}ggggg% same.amount of hydrogen gas was obtained as in

Example 11. 15The results shown in Fig. 7 demonstrate that microwave. _

heatinFealires fe8s poivertalid SIS in moré Tmmedisetefdaser -+
hydrogen.gas as.compared totherybe fymaceqnethash Referring-aevda L on
Table 4, the peak areg indicates 20 that similar amount of hydrogen gas.is, . .
FRIsAsed A nisa5ured ddifig the Microwave method (Example 11) and™

thetwoitube flirnace methods: (Comparative Exafpless .and DrFher, the
Shaller energy input.suggests.that.microwave heating;methog-isabowt 8 or

to 9'times more efficient than the tube )
extremely cold temperatures to store or rslease hydrogen

may be substantially reduced, if not avolided altogether,

¢t
i
[6)]

as disclosed process mav be achleved at atmospheric
pressures and ambient temperatures.

Advantageously, the space required by the hydrogen
storage particles and thermal promoter particles is
substantially less than that occupied by liguid hydrogen
storage tanks or compreséed hydrogen gas storage tanks.

Advantageously; the use of thermal promoter particles
to promote release of hydrogen gas under irradiation
conditions may be faster and may reguire a smallier amount
of power as comparsed to conventlional heating methods to
release hydrogen.

advantageously, the disclesed process may be used on
hydrogen storage materials thal reguire extrene conditions

to release the hydrogen gas stored.
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25 furnace heating. Applications As discussed above, the use of thermal
promoter 30 particles in an admixture of hydrogen storage particles and

ermal promoter particles may promote the release of hydrogen gas from

P}ééﬁen storage particles under irradiation conditions. P\‘?F@ 2006/060460

2008/0 60 76PCT/86 2806008400 tha The effective reltase afshydrogenions
gasfomabe ydtgensiorage padieles may dgpend Upon g alie ol
factors and they include: type of microwave used, heating t%o%l used” "€
twhetfier cgﬁﬁ%ﬁ%, pulse Or FaniE misfowave pondiised; eistribotieyoing
ofimictowave energydnsidedbe system, fypeofigantaipen type.Qk scopne o
l;%derogeﬂns{}grqgieggartlgqlg% useg., size Qf the ti}gﬁrmqe}\l ‘promoter partlglgs,“
shape of the thermal promoter particfes, distibGtioitof théthiérmapts  such
proficier paitivles inrthe admpixture o1 coneentrationiof thedhemale of +he
Rromoeter particles.as well as interaction degree of the thermal promoter
particles with the hydrogen storage patrticles. Advantageously, the use
of thermal promoter partifles to promote release of hydrogen gas under
irradiation 15 conditions may be more energy and cost effective than
conventional methods of releasing hydrogen. Further, the dangers
associated with the use of high pressures or extremely cold temperatures
to store or release hydrogen may be substantially reduced, if not avoided
altogether, 20 as the disclosed process may be achieved at atmospheric
pressures and ambient temperatures. Advantageously, the space
required by the hydrogen storage particles and thermal promoter particles
is substantially less than that occupied by liquid hydrogen 25 storage
tanks or compressed hydrogen gas storage tanks. Advantageously,
the use of thermal promoter particles to promote release of hydrogen gas
under irradiation conditions may be faster and may require a smaller
amount of power as compared to conventional heating methods to 30
release hydrogen. Advantageously, the disclosed process may be
used on hydrogen storage materials that require extreme conditions to
release the hydrogen gas stored.

[ILN
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WO 2008/076076PCT/SG2006/000400 ~ It will be apparent thati%arigiﬁjé“ $G2006/660400

other modifications and adaptations of the invention will be apparen e’[%e%ee(i 19 March 2009

person skilled in the art after reading the foregoing disclosure without
departing from the spirit and scope afilagmsvention and it is intended that
~all such modifications and adaptations come within the scope of the
appended claims. Clmims . 1. A process for releasing hydrogen

comprising-the $tePofifadliating HyRHGFEIBoraye RFtEe S AMFEr2e8S the
amsngghermal preficiet. geaphiterparticles usingseadiation imithe dispersed
S ozmi elangetor e said hydrogen from said.hydrogen storage
> pa%%%%.g ‘Ege%r.(aﬁ!? pgc%%%%sastgg c%%{r%%%%%%ld?r% : ,lg&r%\%riéll%]gntﬁe 10 s?t%ﬁion
of dpplyiRG SEIFFRIEFTRaFESat afower iRaFe réfde of 30 w180 RV 6ieid
30 Wdaerd260 Weorage SpArpiaerss.as claimed in claim 1, comprising the '
step of applying said microwaves with a frequency is in 15 the range of
0.3 GHz to 300 GHz. 4. A process as claimed in claim 1, comprising. '
the step of-applfingrSsaSRicRwaIEses: 1&astOrie-Bf an -ifiefPprising the
10 atneasphese, hydrogensatnosphete apgdinder scpartigh2Q Yaguunnd range
progess @swclej)mggoinﬁéa@ %ng@r%i]y tf‘,fo‘@!e@,ht percent of said thermal
r

promoter particles relative to said hydrogen storage palLLicies is 0.1 wt%

to 75 wt%. 25 6. A process as claimed in claim 1, wherein said
hydrogensstorage pasiicies isseorapesed-of amatesiat selecteshftonsthey the
graup.consisting of metal pydrdes, mefal pitrdes, etal amides, metal, -
imideg,%metal 30%%%2%:5, metal boron hydrides, é:omp ex ?neeﬁfﬁ%’ridle% =

13 andonpesEs omitiuie§ahd deri?tivédhereof. 7. A process as

claimed in claim 6, wherein said metal is selected from the group

cons_istingpf Gr?QU}Brlngf"@s as ciaimed in claim I, comprising the
step of appl'ying said microwaves in at least one of an
dnert atmosphere, hydrogen atmosphere and under a partial

20 VECUUm,

5. A process as claimed in claim 1, wherein the
welght percent of sald thermal prbmoter partic:les' relative
t&; said hydrogen storage pai:ft:;icle‘s is O.;L'wt% to 75 wt%.

.25 ' ' :

‘ _ 6. A preocess as claimed in claim 1, wherein said
-hyd::'ogen storage particles is comprised of a material
selec{:ed from the group consisting of_ metal hydrides,
_metal nitrides, metal amides, metal imides, metal

30 alana‘ées, metal boron hydrides, coﬁrplex metal hydrides and

complexes, mixtures and éie::ivative_sthereof .

7. A process as claimed in claim 6, wherein said

metal is selected from the group consisting of Group IA,

46

Amended Sheet
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Amended Sheet ITEAJAU Group IIA and Group IlIA from the Perigdiseived 19 March 2009

Table of Elements, and mixtures thereof: S.A process as claimed in claim

7, wherein said 5 hydrogen storage particles is selected from the
gréapEsnsistihg 8P RthiRaRRdes HithiurmRmid&Saithiahimtides, TRkl of
baroasustide, dithium atanates dithitwa hydrides, sodium imides, sodium
amides, sodium nitrides, ; -sodium boron hydride, sodium alanates,

sodium hydrides, 10 potassium hydrides, magnesium imides, magnesium
amides, fagnésimaasittities Ahagiésitnraldfates aiagriesiveiadidesaid
anghalusaieym dueirides. 9 A-pracess as slaimedreldims owherain theroup

- 15 elements of said camplex metal hydrides arge_selected from the group .
coRERTNG 6 Eroth 1A CHHELIA Coats AL CHAGR VI GRoth 11 ThS™

Gt VB SGréds MABRNBGoup S ot the Perldtie T ableot Btemehis;hivm

anghamixtaees thesaefm01Q:Adsocessasslaimedin claim & whergin.saids,

. complex,metal hydrides s selected flom e groun consing.of 1 gcs,

10

15

20

25

3G

ride Im ates,
magrésium-nickel-hydrides, 6‘aIC|um-n|cke7hyalrl&es,
lampiameimicka Ay dAges r SeatAPorBhydrtiéss, magnesium  amides,
Magaesisinaiion: Rydudes ommaghesium-Cobat-Rydrides;and 25 mikirese s
thereé)f. }1A, process as, %!aimed in claim 1, wherein the average patrticle

. 8n = : xr =25 .. . .. . ;

size of sal ya%ggnstjbrage particles is in the micrometer range. 30
12. A process as claimed in claim 11, wherein the average particle size Of

said hydeagen stogage pagicles isdess fhan 100 AMeim 6, wherein the
elements of sa.iéi complex metzl hydrides are selected From
" the group consisting of Group IA, Group  IIA, Group II';*'LA.‘,
Group VIIIR, Group "IILB, Group IVB, Group Vi& and Group VB

of the Periodic Table of Elements, and mixtures thereof.

10. A process as claimed in claim 9, wherein said
compiex metal . 'hydrides_ is selected from the group
consisting of magn@sium“ﬁickel*hydrides, calcium-nickel-
hydridés, ianthanumwnicﬁkel“hym:ides, sodium borohydrides,
magnesium-iron-hydrides oz magnesium_—cob_altwhydrides, and

mixtures thereof.

11, A process as claimed in ¢laim 1, wherein the
average particlie size of said hydrogen storage particles

is in the micrometer range.

12. A process as claimed in claim 11, wherein the
average particle size of said hydrogen storage particles

is less tham 100 Hm. .
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wherein the average particle size of said hydrogen storage particles is in
the range of 0.1 gm to 100 pm. 514. A process as claimed in claim 1,
further comprigingrsecendarg therhalpromdter paaities baingibempiised-he
of ablsast ong.siloan, phosphar, sl angrnelal selecleddion 1he o .
group consisting of Group MA, Group VMS, Group VIIE, Group VIE,
Grétip VB Grotii % 18%artt &r8tip B 6F théPeriodic Table of Elements,
and mixtures thereof. ~ 15. A process as claimed in claim 14, wherein _
said metal is s%i,ecteg fE:oem sthe ggoupci%q%ggng %ﬁ alug]{n%m, 1l5 copper, .
silver, gold,’iron, ni&ecf, cgbalt, manganese, chromium, ﬁanium,’ziné"ané b
all GPFERETHBAUreSShRTESEY B AlBloCesS RS BRiimeBsinclaihed, being
wheseinrthesaveragepartisle:size.of the &mmrgrome@ﬁamcl%lsz&ur and
200.1 pintq 500 or 0.1 pinto,150 gm. 17. A process as.claimed.in.,
claim' & ,av%hesr%lgn rgéa Csireé“grﬁg)énaryg/}%ﬁeIﬁg}lgrocrﬁgtséjfsp%?ﬁaeg fc?o?hrp%e %ﬂ}&r
stripsesP,  VEaRmninfeRP el HEViTy a Feri i ie rangawt 17en tdzoes 1B
10 Mmagandzayigth it the sangeref 0 smmbil & mmable I Adntegder, and
relgage Systerm.conpHising: | |

g

ere

15, A'proéess as claimed in claim 14, wheresin said
metal 1s selected from the group consisting of aluminium,
15 copper, silver, gold, iron, nickel, cobalt, manganese,

chromium, titanium, zin¢ and allovs and mixtures thereof.

16. A process as claimed in claim 1, wherein the
average particle size of the thermal promoter particles is

20 0.1 pm to 5000 pm or 0.1 pm to 150 um.

17. A process as claimed in claim'15, wherein the.
secondary thermal. promoter particles cgmprise strips of
aluminivm foil having a length in the range of 1 mm to 20

25 im, and a width in the range of 0.5 mm to 5 mm.

18. & hydrogen releése system comprisiﬁg:

an enclosed chamber;

& mixture -of hydrogen storage particies 'and .

30 thermal promoter graphite particles dispesed within

said enclosed chamber; and .

a microwave generator capable of irradiating the
mixture within said enclosed chamber in the microwave
TANGE; '
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an enclosed chamber; a mixture of hydrogen storage particles and
30thermal promoter graphite particles disposed within said enclosed
chamber; and a microwave generator capable of irradiating the
mixture within said enclosed chamber in the mjcrowave range; 98
Amended SheetWEREAD -7 Gitforeifiih is: SR IEToRMvE Sourderadiates
~ irradiates saichmixtuge in-saidimicrasdve range -tovelease hydrogernsfromzlease
said hydroge storage,partlcles in a|d chamber. 19. A vehlcle re Ame
comprls.lnq?é%’ﬁ{1 drogen feledse éj())/sstj%ﬁm of Slaim §Oragf0 R¥ehic (1:-'““’S HAEe
which utilizes dhelstepref-irradiating 10 hydrogen storage particles
. dispersed among thermal promoter graphite particles using radiation in
the microwave range to release hydrogen from said hydrogen storage
particles, idr-useay aiftielin safdiwehiclenI5212UsE &F HHsrinal premdtersystem
graphite particles in admixture with hydrogen storage particles to promote
release of hydrogen while said hydrogen storage particles are being
irradiated using radiation in the microwave range. 20 22. A kit of parts
for releasing hydrogen when ugeddr, aprecess-aceordingtoanyone-ehdiat ing
claims 1 to 17 or when used as referred to in Glaum 21, the kit comprlsmg

1Dhy&%ﬂ§ﬁ%ﬁﬁagéb8ﬁ%ﬁ% particles 1spersed Thermal

promoter raphite particles using radiation in the
microwave range toe release hydrogen from saild hydrogen

storage particles, for use as a fuel in said vehicle.

15 21. Use of thermal promoter graphite particles in
admixture with hydrcgen storage particles to promote
release of hydrogen while said bydrogen storage particles

are being irradiated wusing radiation in the mnmicrowave

range.
20
22. A kit of parts for releasing hydrogen when used
in & procsss according teo any ons ¢f claims 1 o 17 or
when used as referred to in claim'ZI, the kit comprising:
hydrogen storage particles;
25 thermal promoter graphite particles; and
instructicons feor irradiating & mixture of said
hydrogen storage particles and said thermal promoté:
‘particles using radiation in the microwave range
while resident within an enclosed chamber to release
30 hydrogen from said hydrogen storage particles.

23. A kit as claimed in claim 22, further comprising

the enclosed chamber.
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25thermal promoter graphite parades; and instructions for irradgating. a4 &1 19 March 2009

mixture of said hydrogen storage particles and said thermal promoter
particles using radiation in the microwave range while resident within an

enclosed2ehambekia releasea’i@iwragertﬁraﬁrmsaw hytdrﬁg@@rsteﬁ@@gw sing
patticles. C&G&Aﬁ a 8@1@90' in cla 22, further co in the
enclosedré:ﬁamber 534 AKit as Clz dfagbéd in c%alm »° n(%u %erg the
coﬂ‘?ﬁ’rﬁ‘?ﬁ@% iFERfi&tion source capable of |rrad|at|on in the microwave
range: 50 Amended Sheet IPEAJAU
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