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WO 03/037784 1 PCT/ S&2/ 00254 METHOD FOR REVERSI BLE STORAGE OF HYDROGEN AND
MATERI ALS FOR HYDROGEN ‘STORAGE Thi's application is rel at edd 2o

Provi sional Patent 5 Application Serial No. 60/330,802, filed Cctober 31,
2001, entitled "Method for reversible storage of hydrogen and naterials
for hydrogen storage", the contents of which are hereby incorporated by
ref erencewoB8I®4 of | nvention 10 The present invent iPSH/SEeHAISe€s to hydrogen
storage materials. The present invention also relates to a nethod of
reversi ble storage of hydrogen in solid-state materials. Background of

I nvent i G‘IETWHYE@‘EIREHEB%IBI@HST@SAGEG OF hiEY TROGBR AND HATERIRALSUF¢RNt |y known 15
energy sources, and it wil g ndob ?I ay a part in the energy supply
~of -this century. Heavy envi ronrrenta pol'l uti on due to conbustion of fossil
fuel and depletion of non-renewabl e energy sources energe as two serious
probl enms. Hydrogen-based energy sources are considered to be the nost 20
prom si ng candi dates for solving these problens, as this kind of energy
can reptiaGeappssddeibiel s ize1a06d W@PPL chﬂcaﬂslonaﬁh@abérggest chal | enge in

on-bqQard hydrogen utiljsati el portabl e
conpdt erFPLfRgheen ec‘teél?il%o t%8/£4 d&/oﬁyd’%&j’ OEY%’reéggy «%@&rty t hat exi sting
_ systerrserpﬂiseas“Me%aoB)eﬂ@} apRensiklle bydragenrshpixagenned a i s of great _
i nportance .and re arch on this area is ite a vethroughout t he

“wor | d. r@%’aﬁéﬁ?ﬁ/{ort HEPEC e ® %%Jiﬁ*g sys ?rscog‘g?n%@ %oﬁléJh sfbfage [1, 21:
Li qui d thatrdbggemsorfonpt € 38d rhyetreogen gas, Cryo 30 adsorption system and
Met al hydride systens.

"Field of Invention

10 The present invention relates®to hydrogen storage materials.
The present invention also relates to a method of reversible

storage of hydrogen in solid-state materials.

- Background of Invention

Hydrogen-based energy is the cleanest of the currently known

15 - energy sources, and it will undoubtedly play a part in the
energy supply of this century. BHeavy environmental
pollution due to combustion of fossil fuel and depletion of
non-renewable enexrgy sources emerge as two serious problems,
Hydrogen~based energy sources are considered to be the most

20 promising candidates for solving these problems, as this
kind of energy can replace fossil fuel in most applications.

- The biggest challeﬁge-in on-board hydrdgeﬁ utilisation (i.e.

as fuel for wvehicle, portable computer, phone, etc.) is the
low hydrogen storage capacity that existing systems possess.

25 Development of hydrogen storage media is of great importance
and research on this area is quite active throughout the

world.

Currently, there are four systems for hydrogen storage [1,
2]: Liquid hydrogen, Compressed hydrogen gas, Cryo-
30 adscrption system, and Metal hydride systems.




25 April 2006 WD 03/037784 2 PCT/ SQ02/ 00254 Applications of hydrogen in
pure form (liquid hydrogen or conpressed hydrogen gas) ar >t 200t i | i sed
for large-scale or stationary purposes, since the weight of containers for
hydrogen is normally too prohibitive for uses where hydrogen 5 is used in
limted scope. For vehicular or any other portable applications, hydrogen
stored i nwoobsdrest ate materials seenms to be t he bewsicrsebxbison. Thus, cryo-
adsorption systens and netal hydride systens are the two npst prom sing

syst ens 0 The crya-adsorption syst shaw. advan i.n noderate weight
and vol ﬁ%él.lclaﬁl??ﬁ‘ soofs;%‘%’?%%%)enh)%ar%%réan%% e@ﬁqggga@ér%g%isﬁrcal ly bound to the
sur f acecofpeted diwtroganbgas jabre Incgtild witliegénfdripegatamade Under

optim sed conditions he h S e ca it tivated carbon
oy reath SEToh BrrahPi ¥RhOS EhenOLARS oEORfNSE AR TR

di sadvahydgesnofs tritmmad ygtem pedliidtive tfer ases ivdelre kphaigehons required
(i.e.cCk i ¢_conditio Me i proposed as systens
for hsydg'%g%ﬁéﬁg oflg[géc.Edl-ggarpggenﬁiﬂs %ﬁgﬁ%ﬁfﬁgg‘%{%@%ﬁg?@ or netal alloys 20
Wi t h copeespdrdaprl faatians omydfogmt aktohgdirindeslidresateat egori es of netal

al | oys : n ensi yely e 89utidn. ABRud YRE0aNd 11) A2B type.

LaN 5 ig&e;e%&ggg Se%ﬁr?plteg % tﬁehég%i?rsg’guc%t egory?.1 >Cl)ney?ml ecule of LaNi 5 can
absor b adgenrtéon hsxirtegenard awsahthyawbiemystenpernst §he ®IRd hi gh pressures to

25 form,LaNSHR: - SPsSAuent, di scharge ‘of hydrogen-can be achieved by
reduci ng thé hydrogen pressure. In this system the hydrogen storage

ccapacity is less than 1.5 wt% The advantages, of this type of netal alloy
lie ]q1 ¥¢ﬁ3qﬁypaﬁdsorptlon systems show advantages in moderate

weight and volume. In this system, hydrogen molecules are
physically bound to the surface of activated carbon at
liquid nitrogen temperature. Under optimised conditions,
the hydrogen storage capaclty of activated carbon may reach
15 7 wt% based on the weight of activated carbon. The
disadvantages of this system relate to the critical

" gonditions reguired (i.e. cryogenic conditions).

Metal hydrides havé been proposed as syétems for hydroéen
storage. Hydrogen is chemisorbed by metal or metal alloys
20 with corresponding formation of metal hydrides. Two
categories of metal alloys have been extensively explored:
'I) ABs type, and ii} A;B type. LalNis is a good example of
the first category. One molecule of LaNis can absorb about 6
hydrogen atoms at ambient temperature and high pressures to
25 form LaNing. Subseéuent discharge of hydrogen  can be
achieved by reducing the hydrogen pressure. In this system,
the hydrogen storage capacity is less than 1.5 wt$. The
advantages of this type of metal alloy lie in the quick
kinetics of hydrogen charge/discharge and the very good
30 density of the materials, but the hydrogen storage capacity
is unadééptable. MgoNi illustrates the Az;B type of metal
"~ alloy. This kind of metal alloy can store more than 4 wt$

of hydrogen, but suffers from higher operating temperature




ki netics of hydrogen charge/di scharge and the very good 30 density of the
materials, but the hydrogen storage capacity is unaccept agﬁé\PﬂN@é%
illustrates the A2B type of nmetal alloy. This kind of metal alloy can
store nore than 4 wt% of hydrogen, but suffers from hi gher operating
tenperature 25 April 2006 3 (above 300C for desorption, with an equilibrium
hydrogen pressure of up to 1.0 bar), slow hydrogen charge and discharge
kinetics and relatively |ow density. More recently, nuch effort has been
~made on material engineering of these nmetal alloys [3r 4], but no
significant. inprovement has been nmade. Furthernore the high cost of the
nmetal alloys is another drawback. Brief Summary of the Invention
Sur pri si ngl.y, L-nitrogen-based or netall oid:nitrogen- based conpounds
deeh | n 1 e el e AR B RP Ry b LD e RAD L T SURIPREE or age capaci ty
at | ower ptesmafafr es t&ndl/mbapl eSsuse hiidiayepr char@d targyst ens. Thi s
non- cryogeni c hyitogen storage_is.reversible, so the materials of the
present PhVEMISh <APETLERAATEd R oTehY drBy &R SobY ced®dh® a  variety of
appl i cat f@fsntiiy)Chudhngr R heat bons MR bANRSteANAY @nghRedr frid St aspect of
the present invention, there is provided a process for reversibly
absor bi n@f HyRssgBRTa Wit avs é3néﬁalbuﬁi??oﬁ@ﬁ“éﬁﬁﬁﬁﬁnﬂmﬁﬁw§ment
et al | oi gafiddLognqeonPemthdribirberhe QOGN ic9kR0c8 ERPaRialSatpRfact ed with
a hydrogen-contai ning atnosphere, at a tenperature and under a hydrogen
pr essur els \iHihepefRR¥RAHdr ogen absorption. In a second aspect of the
present invention, there is provided

Brief Summary of the Invention

Surprisingly, metal-nitrogen-based or metallcid-nitrcgen-—
based compounds used in the present invention exhibit
remarkable hydrogen storage capacity at lower temperatures

- and/or pressures than prior art systems. This non-cryogenic
hydrogen storage is reversible, s¢ the materials of the
present invention are candidates for hydrogen sources in a
variety of applicaticns, including applications mentioned

above.

In a first aspect of the present invention, there is provided
a process for reversibly absorbing hydrogen, wherein a metal-
nitrogen compound or a metalloid-nitrogen compound further
comprising a dopant is contacted with a hydrogen-containing

. atmosphere, at a temperature and under a hydrogen pressure

which permits hydrogen absorption.

In a second aspect of the present invention, there is provided
a hydrogen reservoir containing a metal-nitrogen compound or a
metalloid-nitrogen compound combined with a dopant that bears

abscrbed hydregen or is capable of bearing absorbed hydrogen.




a hydrogen reservoir containing a netal -nitrogen conmpound or

met al | oi d- ni trogen conpound conbined with a dopant that be@ﬁéﬁﬁd@@@?bed
hydrogen or is capabl e of bearing absorbed hydrogen. 25 April 2006 3a In a
third aspect of the present invention, there is provided a process for
reversi bly absorbi ng hydrogen, wherein Li2NH, a Li-enriched lithiumim de,
a ternary or higher nitride based conpound or Ca2NH is contacted with a
hydrogen contai ning atnosphere, at a tenperature and under a hydrogen
pressure which permts hydrogen absgrption. In a fourth aspect of the
present invention, there is provided a hydrogen reservoir containing

Li 2NH, a Li- enrlched lithium imde, a ternary or higher nitride, or Ca2NH,
that beals @ &BdEAbREPHRIIGgERcoPr EeclapabIee thPN beldigtey 18hBBPBERMY dr ogen.
Hydr ogeny irdcuer sbbl Yertraiedy Rbsdasab) waegsén,mﬂfer@tla £.9,8H,0W

t enperat ures and pressures. Preferably t he hydrogen- ab sorﬂlng conpound
(hydr ogeri- SoEBEREY 1sthi WelBidni 13 JGemarBasediisharenakF i1 HaseCogen- based

conpoundedripdue 88! c4hngt 8k ecordAREl Ivi 2005 NYErE3LR3 B4 14hiRET/ SGO2/ 00254

‘The nmetal or netalloid used can be adg el ement that will conbine with a
ni t r oger? ERIFPREAF NP imfl SEFPEH2FOTINaRT IRFBENY NYdreOeH PFeBES b hydr ogen.

Sui t abl ejRiakbs riiied udRirdbkal ibsdmitalon . (e. g. lithium (Li), sodium (Na),
pot assium (K) or 5 cesium (Cs)), alkallne earth nmetals (e.g. beryllium

Be ne or. c IC|um | umi num netal lqgid (e.qg.,
ST con o Tollihh [ Sacis 58 Ehe hutndnt; by Mo, Hhks JTmdafd (S5
titani um (Hkidrogsn CJkeQéer(vRslil): C@l@ibﬁllﬂlng( Ca)yu cepperefifighedhrianmtium (Cr), i ron
_ (Fe), rn%ﬁ@ﬁ%?ngnkernary or higher nitride, or Ca,NH, that bears

abserbed hydrogen or is capable of bearing absorbed hydrogen.

Hydrogen is reversibly stored, preferably under moderate to
low temperatures and pressures. Preferably, the hydrogen-
absorbing compound (hydrogen sorbent) is a metal-nitrogen-

based or metalloid-nitrogen-based compound in the solid state.




10 (M), zinc (Zn)). Preferably, the netal is lithium calcium titanium
alum num or silicon, nore preferably used in the formof 35#@haP36 nitride
or an imde. Particularly preferred netal -nitrogen-based conpounds are
l'ithiumnitrogen-based. For exanple, Li-Nbased solid state 15 materials
may conprise Li-N, and Li-N-H type structures. Preferredconpounds of these
t ypes ar ewobsasrskanpl e, |ithium gii tride (Li3N), |i trocmgowanisde (Li NH2)
lithiumimde (Li2NH and Li4NH) and Li-enriched lithiumimde (LinNHn,

2<nK3, n<l ,-mtn=3) .. The |ithi um and_hydrogen ons _jn this 20 series of
Li -enri &F%d“ﬁtﬂh?{nﬂel)tﬁilﬁ%l%&’?ﬁgu% Saﬁngﬁ&fﬁf’?’ﬁ%&’ﬁe‘% other in the

| at t i cegommichet Mith reetiktsgdn+cansdimghtl yoiatyangetbimatt cagounti s seri es of
conmpound, can . regarded.,as a sgl.ution of Li an inthe lattice of

S orRe e S R faere , oSt o regm b BT (e v th 25
|i t hi umbyars de. g Liltilhiam n{itin o gsedibas ¢k )coppbassisiradi) xed w th LiH
preferably. ha Li_- o Li-Holar-.ratio of about 0:1 to about 1:10.
The e ardiit (gD sbabfs sabihaietaat "Lt & beBiitlun T 3 "Carbon

mat er i amagrRsdusaf¥on omat@kdiaim (Sad ,cahudvignudmn (Ahy, 3@®teblndetsi ent form for

exanpl e ,gr aphi ar t ube C nangf j\bers, activated carbon, a
full erergg'%'r’ cs:!gjb%oﬁl (%g&ﬁer}’?asqaiik?gtaa)hi%%%gﬁg ag%éc} 'C(E))?rpounds adni xed with
car bon 2BanpRgftiibn 2608 1VO(OIY 03T T8A B PTITY S@I2KeD26Y ) pr edadabl y have a net al

Lo car Dag, fiDl.aheLAl(d) Of cialgiibn {99003 d0r Q£8P Uhorhdendfpt ! -Ni LT 0gen- based
conpounds may so be'mxed wth a .

10 (Mo), zinc (Zn)). Preferably, the metal is lithium,
~calelum, titanium, aluminum or silicon, more preferably used

“in the form of a termary nitride or an imide.

Particﬁlarly preferred metal-nitrogen-based compounds are
lithium-nitrogen-based. For example, Li-N-based sclid state

15 materials may comprise Li-N, and Li-N-H type structures.
Preferred ‘compounds of these types are, for example, lithium
nitride (LisN), lithium amide (LiNH,) lithium imide {(Li.NH
and LisNH} and Li~enriched lithium imide (LipNH,, 2<m<3,
0<n<i,wm+n=3). ‘The lithium and hydrogen atcms in this

20 series of Li-enriched lithium imide compounds can substitute
each other in the lattice, and this results in a slightly
changed lattige. This series of compound can be regarded as

a solution of Li and H in the lattice of lithium imide.

_The lithium-nitrogen-hbased compounds may be mixed with

25 lithivm hydride. ILithium-nitrogen-based compounds admixed
with LiH preferably have a Li-N to Li-H molar ratio of about
1000:1 to about 1:10.

The metal-nitrogen-based compounds may also be mixed with a
carbon material. The carbon material used can be in any

30 convenient form, for example graphite, carbon nanotubes,
carbon nanofibexs, activated carbon, a fullerene or carbon

powders. Metal-nitrogen-based compounds admixed with carbon™




nmetal or netalloid dopant. The doping involves the 5 introduction of one or
nore additional elements, for doping, into the netal-nitr@d§dprdadhffound.
The preferred dopants are netal or nmetalloid elements from Periodic Table
groups 1 to 13, Lanthanides and C, Si, G, P, 0, S, Sn, Fand . Mre
preferably, the doped elenents are Be, My, Ca, B, A, Ti, 10 C, M, Fe,
Co, Ni, CapoXesysPt and Pd. The dogant can be a pur@mt;ajmom pure
netalloid, a mxture of netals or netal | oi ds or a conpound t hat
conprises .one or nore netals,_ or e or nore neta | 0oi ds. Metal -nitrogen
based RFETRETANY &a39n?tr?e&ﬁén?%a%‘&go%ﬂ%@ﬁnﬁ%tld)opedabou%t he above 15 fashion
pr ef er atdopobave absetal +:ni trogen based conpound or

nmet al | oi d- ni trogen-based to dopant nol ar rati o of about 1000:1 to about

1:1. The %Mﬁ,ﬁ%g%no}&as&oac%}naowdgh g%oun bQirﬁirx%QeﬂiiQ@%ed conpound can

|l ead to y5| cal "m xtures or new co of which are effective
for thenegdopptrictalinid dﬁ@@nkpt'ﬂh@nd@ﬁlﬂﬂyé{ﬂﬁg@f?s thet he application, the

terms :3{&8&@&1'0% QiVERe 3. PR0AY RPN SHERAS, t BS: epithg, formed by a

unlon l'ements or parts especially, but not exclu5|vely, a distinct
subst anbéof breraeetiey—ahardasal C@m‘—ioﬁﬁd% e prstorredpleraigr @8 ents in

def i ni t,6.Rk OPO QM1 BYa MBlBRht s l%%{fulﬁéyl%aw alehLoghsRt € - ni trogen- based
or netallold- nitrogen-based conpounds are ternary or higher nitrides.

El enentS5i harHenideRaryd 61 Aigier Bi tdi JesSar & $8Fetted°Ffom the nmetal and

et al | ol,drel-osBAt $hef abifld @ilbfentabhee QJeQUH% Ica30Bt onl3rril ant hani des, C, Si,
- Ge and Sn. More preferallt\)/lé_’y eI errents int e ternary or h| her nitrides are

sel d&t &eFf PBmEFar Copell: t apd PH. cfhe \fopaph ca@PeNt oy and zn. 25
Apri | 2§M¥é metal or pure metallOLd, a mixture of metals or of

metalloids or a compound that comprises one or more metals
or one or more metalloids. Metal-nitrogen based or
metalloid-nitrogen-based compounds doped in the above
15 fashion preferably have a metal-nitrogen based compound or
' “metalloid-nitrogen-based to dopant molar ratio of about

1000:1 to about 1l:1.

The admixture of dopants with a metal-nitrogen-based
compound can lead to physical mixtures or new compounds,
20 both of which are effective for the absorption and
desorption of hydrogen. In the application, the term
.compound is given a broad meaning, such as the result formed
by a union of elements or parts espécially, but not
_ exclusively, a distinct substance formed by chemical union

25 of two or more ingredients in definite proportion by weight.

Particularly preferred metal-nitrogen-based or metalloid~
nitrogen-based compounds are ternary or higher nitrides.
Elements in the ternary or higher nitrides are selected from
the metal and metalloid elements of Periodic Table groups 1
“30 +to 13, lanthanides, C, Si, Ge and Sn. More preferably,
elements in the ternary or higher nitrides are selected from

Li, Be, Mg, Ca, B, Al, Ti, C&, Mn, Fe, Co, Ni, Cu and Zn.




"WD 03/037784 6 PCT/ SG02/ 00254 Preferred ternary nitrides include L| based
ternary nitrides. Qther: preferred netal -nitrogen-based coﬁﬁﬁd’miid

cal cium nitrogen-based conpounds. The conpounds nmay conprise a Ca N 5 or
a. Ca-N-H type structure. Such conmpounds include calcium nitride (Ca3N2)
and cal ci um am de/i m de (CaNH Ca2NH). Qther preferred metal -nitrogen-based
conpoundswen®oe37al unm ni um ni trogen-.based conpounds. THee/scepBunds may
conprise an ALN, or Al -N-H type sfructure. Such conmpounds 10 i ncl ude

al um n| m.nitri ALN) m duct s_._and derivatives such as
ALNHG, Kfﬁﬁﬁm‘% aaﬁdﬁ%fﬁﬂﬁ Jﬂcﬁé?nﬁ%#’é‘?? d"$EEY | oi d- ni trogen- based
conpounglis:rates. sil i con- N-based, gallium N trogen and germani um nitrogen-
based conmpounds. Such conpounds include Si3N4, GaN, and Ge3N4. 15 O the

fact or st Aat ggééflxﬁfr%dt RE: Uk 2ldercBROLS | RBh s 2RSHRLLAD and desorpt ion,

t enper atiir e rogen press are inportant ower tenperatures,
hydrogerntacbgem-ma@qi Celapplb@SefThec|Cem¢@nd§amﬁ}{e@ﬂ@m5%r¢d§ﬁ ¥ower hydrogen

Pressursy BL-8%: 43l Ber ML O0ORACIPIAY. 1 1.0 0hAIC1 20 temperature, e

overal | pressure orption and esorgtl on wll increase. In either
case, rudwride aNogamd @@ﬂfﬁlb@ prddeddmyde r GalHAE:M8t eri al when vacuumi s
applied. Absorption and desorption of hydrogen is hence dependent on

t enper aduhee ﬁﬁdféﬁx‘edCﬁéfﬂsmﬂﬁbmuhydé@g:eﬂlppﬁmlaﬁce at 25 equilibrium In a
- preferred nmethod to absaorb hydro ﬁ solid-state netal-nitrogen-based

D ot A BRI F oA RS CTRanE. The, CHESRRISSEY [ o a

hydr ogestmgpenbai a1 mgNatm)@phﬁr-E typli sbricurpl efwimabbypdunde of cont am nants,
partlquarI\t/1 oxygen a
10 include a 1n1um nitride {AIN), aluminium ammoniz adducts

and derivatives such as AlNHg, AlNH,, AlNHz and AlNH;.

Other preferred metalloid-nitrogen-based compounds are
silicon-N-based, gallium-Nitrogen and germanium-nitrogen-

based compounds. Such compounds include SisNi, GaN, and GesNj.

15 0Of the factors that govern the suitable conditions for
absorption and descrption, temperature and hydrogen pressure
are important. At lower temperatures, hydrogen absorption
can be efficiently carried out under lower hydrogen
pressure, and so can the hydrogen desorption. At higher

20 temperature, the overall pressure for H; absorption and
desorption will increase. In either case, most of hydrogen
can be released from the material when vacuum is applied.
Absorption and desorption of hydrogen is hence dependent on.
temperature and its corresponding hydrogen pressure at

25 equilibrium,

In a preferred methed to absorb hydrogen, the solid-state
metal-nitrogen-based or metalloid-nitrogen-based compounds
may.be exposed to a hydrogen—-containing atmosphere, which is
preferably free of contaminants, particularly oxygen, at a
_30 temperature from about -50°C to about 800°C and a pressure

 from about 0,01 mbar to about 500 bar. More preferably, the




30 tenperature from about -50C to about 800C and a pressure from about
0.01 nbar to about 500 bar. Mre preferably, the 25 April 26@¢rh0@B/ 037784
PCT/ S&2/ 00254 tenperature is fromabout 0OC to about 700C. It is
particularly preferred that the tenperature at which absorption is carried
out be 220C or less. The hydrogen pressure is nore preferably from about
1.0 nbar woosiows 200 5 bar, even_nore preferably fmreisdo@dozbar to about
100 bar. The hydrogen- cont ai ni ng’at nosphere conprises hydrogen, and

- possi bly other gaseous constituents, such as inert carriers gases, for
exanpl eceapgoatufeser protorrbont B/ 8r byapoto°Re HyEfdi6gen storage material is
10 pref | a 0C to about 800C
under ﬁ%ﬁ%bﬁgﬁﬂp%ggg%%d&ﬂ%%%g‘%%&ﬁﬁ I%%u %é arﬁﬁgﬁ) about 100 bar.

Desor ptabserphyobelsasersiasidoby hradglde onverst h&hsohydingebf a stream of an
inert gas,sshol EXAMLCHrHe9hy WrohNabdif 9S6CHRt LMbdRe2bgr m " absor bed"
is not necessarily wused in the strict scientific sense, as hydrogen may be
hel d5 Hprabsveptiass, Preferably j froms dnd anbagy tarherpt 1&h Parm a strict  sense,

by chenféh%owawgbnicen@aﬁ{i&lgf:&tﬁﬁ,@%@re Uorp¥ibde garbidat bag of two or three
of these nechanisnms. 20 Additional features and advantages of the invention

Wi || bePossdbly sriheri gaserasdedrTiiftpohe + EChf Y 1068t @diPRSpart will be

appar endaskkQnEdhadases ipyben or may be learned by practice of the
invention. These variations are considered to be in the scope of the

nvention, The obleets and pther, 25 advant ages of he Lpveption will be

10 preferably achieved at a temperature of from about 0°C to

about 800°C under a hydrogen pressure of from about 1078 mbar
to about 100 bar. Desorpticn may be assisted by passage
over the sorbent of a stream of an inert gas, for example

argon.

15 In the description, the term “absorbed” is not necessarily
used in the strict scientific sense, as hydrogen may be held
by absorption, in a strict sense, by adsorption, in a strict

sense, by chemisorption, in a strict sense, or by the

combination of two or three of these mechanisms.

20 Additional features and advantages of the invention will be

set forth in the description that follows, and in part will
be apparent from the description or may be learned by
practice of the invention. These variations are considered
to be in the scope of the invention. The objects and other
25 advantages of the invention will be realised and attained by
the structure particularly pointed out in the written
description and claims hereof as well as the appended

Figures.

Brief Description of the Figures

30 Figure 1 displays Temperature Prdgrammed Reaction (TPR}
spectra of 1) LisN 2) Lip.oNHg.s 3) LisN-C (C/Li=1/30) 4)



the structure particularly pointed out in the witten description and
claims hereof as well as the appended Figures. Brief Descedprida0¥f the
Figures 30 Figure 1 displays Tenperature Programed Reaction (TPR) spectra
of 1) Li3N 2) Li2.2NH0.8 3) Li3N-C (C/Li=1/30) 4) 25 April 2006 WO

03/ 037784 8 PCT/ SQ02/ 00254 Li 3N-LiHwith Li3NLiH=1/2 5) Li3N-Ni with | OMm %
of Ni. 20%0 087781 80% Ar was used as carrier gas, thecpacézoadss pressure for
H2 is approxinmately 1 bar, for a fot al gas pressure of 5 bar. Tenperature

ised f , 400C 5 in. Th - axi
{emper dLob e FIER B AP § e Ve are 181 *E 1t BGkr ease of gnal.

Fi gure 12 disp ayswibarsaaogftcofriby dfagenhahsorhed fpyesgaye LigxN and (b)
Li3NtC with CLi=1/13 vvitsth]?.te eratq%)%% The Y axis (efxgre resents the

ol ar gt BPEARY HY doPHent-oF 3 $ 9 &FeRY T o den W& ‘appl i ed. Figure
3 displ ebhoudenher alia ProgapRecedasatptd o 46d%Datspectra of 1)

Hydr ogenated Lithium N tride 2) hydrogenated Li2.2NHO. 8 3) Hydrogenated

Li 3N5C °C/hir=1/ 30}, X-atisHyepusgenhs cebrive3at ured (Wt ) LeaNY+ H=1/ 2, 5)
Hydr ogear;atsegs 13, N3 gglgglq:yj_iogl\thevat_geé%%o %ngI{\gl.. Absorption conditions:
3 ar, ] 0C,

Hydr ogen pressure tenper at ure. time I h. The desorption was
detected by heating the above sample in the gas streamof purified Ar.

Mass SpEdrsnetEsPhaEs (dedanennty @febydiiEnetPIrERe Based. 128 Figure 4

di spl aysdt hey XRDuseastthacefi-1a) 3Phist itefipbiaireb)Thhd@l xydr ogenat ed Li 3N
(180C), (c) Fully hydrogenated Li 3N, and gdg T-partl al | Y dehydr ogenat ed Li 3N
(after §Spfﬁ§qﬂ$5i hgvmolar ratio of H to th orbent. 30 bars

10 of hydrogen was appliled.

Figure 3 displays the Temperature Programmed Desorption
(TPD)} spectra of 1) Hydrogenated Lithium Nitride 2}
hydrogenated Liz :NHp.s 3) Hydrogenated LizN-C (C/Li=1/30),
4) Hydrogenated LisN-LiH with LisN/LiH=1/2, 5) Hydrogenated
15 Ni-doped LisN- with 10wt% of Ni. Absorption conditions:
Hydrogen pressure 30 bar, temperature.250°C, time 1h. The
desorption was detected by heating the above sample in the
gas stream of purified Ar. Mass Spectrometer was used to

detect the efflueni gases.

20 Figure 4 displays the XRD spectra of (a) Pristine LisN, (b}
half hydrogenated LisN (180°C), (c) Fully hydrogenated LizN,
and (d) partially dehydrogenatéd LizN {after desorption in Ar
at 450°C). Peaks marked with * are LisN; those marked with #
are LiNH,; those marked with X are Liy,NH; and those marked

25 with ~ are LiH.

Figure 5 displays the TPR and TPD profiles of CasNz. 20% Hp +
80% Ar was used as carrier gas in the TPR process, and the
partial pressure for Hp was approximately 1 bar. In TPD
process, purified Ar was applied as carrier gas. Temperature

30 was raised from room temperature to 700 °C at 2 °C/min.




at 450C). Peaks marked with * are Li 3N, those marked with # are Li NH2;
those marked with X are Li 2NH; and those marked 25 with ~ @8ARlR00E gure 5
di splays the TPR and TPD profiles of Ca3N2. 20% H2 + 80% Ar was used as
carrier gas in the TPR process, and the partial pressure for H2 was
approximately 1 bar. In TPD process, purified Ar wasapplied as carrier
gas. Tenpeoatair®s 30 was rai sed fr%m room t enper at ur ecr8c®@dsC at 2 C/ mn.
25 April 2006 WO 03/037784 9 PCT/ S(02/00254 Figure 6 displays the

recycl I|ty %IL i, 3N 2NH a 2NH ml es. |, e derwent repeated
cycl es: dfg EBsBrprPaaYs de OF%"E¥ g‘ﬁb% Qﬁ?%’c%ﬁﬁ?@%@%g&zgg bars of
hydrogezmmpmeesssmr@,leaaﬁﬁei:menﬂ_lreye&n:scarmrlcessacmja5@6fbtf1@m -Ca-N-H 5 sanpl e.
Desor pt | on ndi tions: Macuum (,10- 250 -N-H sampl es and
550C | SI-NREPRET s AREr et iRn i SaRe Rl berd Pranihoad | oo o AN (1),

Ti - N- H(z@psuaad 2$O?tl,\l-ﬂdr( B)-N-Fheanielsor phdoﬁﬂﬁﬁﬂsfcdetceemeld by heating the

aboveg sa es nth s streamof urifiegd-z gctronetry was
used§to gfgtlect Pfs‘norp L(l:gﬁ ltgle%?ess |gureﬁg spﬁ 2 @‘% EI netics of

hydr ogeIn—-@Ionssepﬂpl@ts amd |550°NLelr a@rat-1Ca- Nahpfssarrpl es. Hydr ogen pressure: 30
bar . tenperature for absorption: 255C for Li-NH sanples and 500C for

Ca- NH:& L&y cﬂi%p@sg@ﬂh%dmm%%!fm@rbfomtmI<r1venﬂ-qnﬂNlirl des can be

synt hesi sed by direct reaction between a netal or a netalloid and nitrogen

gas (5]andTRé-Rtiendnt Thedesewmtise wny drdeaFedPynBealisi d*that will conbine

Wi th a vkl 988N«E0nh aifdi Bss "RiebY & JuRhimiég aenprasyl that will 20 absorb
hydrogen At | east one netal is preferably sel ected

Spectrometry was used to detect the effluent gases.

Figure 8 displays the kinetics of hydrogen absorption in Li-
N-H and Ca-N-H samples. Hydrogen pressure: ~ 30 bar;
temperature for absorption: 255°C for Li-N-H samples and

500°C for Ca-N-~H sample.

15 Detailed Description of the Invention

Nitrides can be synthesised by direct reaction between a
metal or a metalloid and nitrogen gas [5]. The element used
can be any metal or metalloid that will combine with a
nitrogen~containing moiety to form a compound that will

20 absorb hydrogen. At least one metal is preferably selected
from an alkali metal (e.g. lithium (Li), sodium (Na},
potassium (X) or cesium (Cs)), an alkaline earth metal (e.g.

beryllium {Be), magnesium (Mg} or calcium..(Ca)), aluminum

(2l}, a metalloid (e.g. boron (B), S8i, Ga, Ge), or a

25 transition metal {e.g. titanium ({Ti), Nickel (Ni)}, Cobalt
(Co), Copper {(Cu), Chromium (Cr), Iron (Fe), molybdenum
(Mo), zinc (Zn)). Most preferably, the metal is lithium, or
calcium~or Al, or Li-based or Ca-based or Al-based ternary

nitrides,

30 Lithium nitride is a red-brown colored compound. It has a

density of about 1.27 g/ﬁi} it decomposes at temperatures




froman alkali netal (e.g. lithium(Li), sodium (Na), potassium (K) or
cesium (Cs)), an alkaline earth netal (e.g. beryllium (Be}; Aradaees un( My)
or calcium(Ca)), aluminum (A), a netalloid (e.g. boron (B), Si, G, Ge),
or a 25 transition nmetal (e.g. titanium(Ti), N ckel (N), Cobalt (Co),
Copper (Cu), Chromum (Cr), lron (Fe), nolybdenum (M), zinc (Zn)). Mbst
pref er ablwootdserspetal is lithium _or calciumor Al pcescéresased or
Ca-based or Al -based ternary ni tﬁ?des. 30 Lithiumnitride is a red-brown
col ored conpound. It has a density of about 1.27 g/m, it deconposes at

t enper adkftVes 898°Capppt Hods WiehlesFredrio HEhASmORNES254 above 800C, and

LIS unstARl eid i ghiy-dobBitndoTides disRble ] St GeRk1Lp-uhi @ col or ed
substance. The densSity is around 1.1 g/m, and it is unstable to noisture.
Li t hi undraamicdé -  LyAwR) and 14 48 wnsfekyet bR WeilEBuzubshiiddam 1t has a 5

densi t yafael (38n@) Ms adoid Jrayubstahh@ b@dMneLUr @r Akt Hf these
conpaounds are commercially avail able. Hydrogen Storage in L!f3N The hydr ogen
[®]

absoPptfSiSy PEthilnf i Prdeltass insedhigip el atyire. ALl

Tenper aijifR- BoRgsauEedr Reraik 0o ) avBlathed hydrogen 10 gas (20% H2 + 80%
Ar, the partial pressure of H2 is around 1.0 bar) was passed through a

Li 3N s e at evated tenperatures. On-line Gas Chromatography (GC) and
Mass gg‘gt%’io SHeg{?Va(gﬁs}”vééf used to nonitor the change of hydrogen

content in the effluent gas during the test. Figure 15 1-1 displays the TPR
test reBd thydroger abvsbepisioanof hiltthikpdr bydde absoripresideyedi 3N begins at a

_ Lgrsmer%1}1rI%mBErQQ%LPrJ&%mQHQR%‘i%n%PR%TOﬁld@d‘?ﬂy&%&ﬁst rates that Li3N
10 gas (20% H, + B80% Ar, the partial pressure of H; is around

1.0 bar} was passed through a LijN sample at elevated

temperatures. On-line Gas Chromatography (GC) and Mass

Spectrometry (MS) were used to monitor the change of

hydrogen content in the effluent gas during the test. Figure
15 1-1 displays the TPR test results. It can be seen that

hydrogen absorption by LizN begins at a temperature of about

150°C and éeaks-at 270°C, which demcnstrates that LigNlhas
the capability to store hydrogen. Miklauz has reported [6]
(D. Miklauz, Monatsh, 31, 981 (1910).) that the reaction

20 between LisN and hydrogen takes place at a temperature from

220° to 480°C with the formation lithium amide.

The reaction path is similar to what we observe, but the
temperature and pressure ranges utilized are different.
Furthermore, Miklauz’s earlier work regarding the #eaction
25 did not connect the reaction to the concept of hydrogen

storage, and little investigation or attention was given to
this reaction since 1911. Furthermore, rare attention has
been paid to the reversed reaction, because it is well known
that lithium amide (LiNH2) will decompose to lithium imide

© 30 and.ammonia at higher temperatures. According to Georges’
statement (Berichte d. D. Chen, Gesellschaft , 44, 502

(1911), ammonia was released from the mixture ofgpiNHz and




‘the capability to store hydrogen. Mklauz has reported [6] (D. M kl auz,
Monat sh, 31, 981 (1910).) that the reaction 20 between Li 3ﬂ5m1ﬁ9@ﬁogen

t akes pI ace at a tenperature from 220C to 480C with the formation lithium
am de. The reaction path is simlar to what we observe, but the
tenperature and pressure ranges utilized are different. Furthernore,

M Kkl auz' sweasdsies work regarding Lﬂe reaction 25 di ¢cmatimennect the
reaction to the concept of hydrog storage, and little investigation or
attention was given to this reaction since 1911. Furthernore, rare

at t ent | bH! 1#s temeenntyae phoget B FeberidC r e ABEPHIFINGAEaU®e it is wel | known

that lighjdmiapae-dlbMNfbr whid decerpese to lithiumimde 30 and anmoni a
at higher tenperatures. According to Georges' statenent (Berichte d. D

Chem GCesellschaft 44, 502 81911) was rel eased fromthe mixture

of LiNH2 and 25 Apit Shos Woo Mo 37 35H 11 1BCT/ SC02/ 00254 Li H at
t enper at ure ‘above 340C to 480C. Surprisingly, we have discovered by TPR

that reagdd aakelhBetalHmperatdddiH2ove2lthbh (4)0°can thake pl ace at
tenperatures |ower than 220C. The 5 difference in the reacting tenperature
bet weenMI8EEE® stthardde W%lﬁﬁyt%eaﬁ?%bﬁh‘éeeé? P“éi?fa‘bzf S APGrities in Li 3N
x\é haveouzfs)uﬁg} bdajuel Bo I LESed @l ymeritasd niat edshy @i Kese or

ydr oxi havin a of .around 8Q% the starting
t enper a g‘iﬁnéi FB?’E rga et %‘ng]il’\ﬁn‘g C@&%é%lqa&egolb’t xllg Oorl s therefore
pr ef er rigghiddxdtiet hel absmmbmgt a Slhighil pmoit: yoef amnhdngdrat édewi t h ot her
materials, and shall have a purity of_ at |east 90% 0oreferably at | east

95% orSTRTHEE. teﬁ?@raB‘ElF?erfoﬁo’é%"i%lPFt (Vs iprreassepitqi 3 ke ditscrepancy may

|ie10n is therefore preferred that the absorbent shall not be

contaminated with other materials, and shall have a purity
of at least 90%, preferably at least 95%, or higher. The
other possibilities that explain the discrepancy may lie in
the pressure of H; used and the crystalinity of LisN. We

15 noticed that at higher H; pressure, reaction (1) can be
carried out at relatively lower temperature (below 220°C) and
with LisN having a particle Size of less than 1 micron, the
reaction also takes place at lower temperatures. It is
therefore preferred to use an absorbent in finely divided

20 form, preferably of a particle size less than 25 micromns,

preferably less than 10 microns, and more preferably less

then 1 micron.

Theoretically, with all Lis;N¥ converting to amide and hydride,

about 11.5 wt% of hydrogen can be stored. The Pressure-

- 25 Composition-Isotherm measurements confirm this prediction
(see Figure 2-a). The vertical axis (X) refers to the molax
ratio of absorbed H atom to LisN molecule, From Figure 2, it
caﬁ be seen that X could reach up to 3.5 at temperature of
about 250°C, which is equivalent to 10 wt$ of Hz. As

30 contamination is difficult to avoid, contaminants (for -
example lithium oxide and hydrozide) may occupy a certain

amount of the éample weight, thus, X can be less._than 4.0.



the pressure of H2 used and the crystalinity of Li3N. W 15 noticed that at
“hi gher H2 pressure, reaction (1) can be carried out at reRattiprdRQ04 ower
tenmperature (below 220C) and w th Li3N having a particle size of |ess than
1 mcron, the reaction also takes place at |ower tenperatures. It is
therefore preferred to use an absorbent in finely divided 20 form

pr ef er ablyoedosasparticle size less than 25 mcrons, pcpsef0i28bl y | ess than
10 microns, and nore preferably | &s then 1 nicron. Theoretically, with
“all Li3N converting to am de ,and hydride, about 11.5 wt % of hydrogen can
be stor & TPYETEF é’%sﬁ}r‘% BRACEI AP o’ ﬁqBﬁt:'r%t hér nt r?ea%ﬂ? ements confirmthis

predi ct §@sorptsee & gyaeog?era)fromglm@raﬂcpahtﬂm nyXridsf ens B the nol ar
rati o of absorbed Li 3N ecul e. From Figure 2, it can be seen

atomta u
t hat X E%*Eﬂea’efie%léﬁgﬁﬁmli’%ﬁstlgna?ftfg’rv?pg?s%{iﬁé 8F 2 gﬁ?r%ﬁé which is
equi val epin 18040 Mo ofo Id%oo&%néo C}%r%&éz?%ﬂe@@uké J‘.d_"ofnf bt to avoid,

contam nants (for exanple lithium oxidé and hydroxi de) nmay occupy a
cert & ni0anbudf0obay.heAsakpttiednbl ghruperptire-Rrearmied-ess .t han 4. 0. 25

April 2008, \691913/ &@BZBﬂs%nPQI/ B(%E00254 Ek}aréféfﬁhé% cibhe reaction of
equation (1), desorption of hydr ogen Trom Li NH2 and |ithium
hydri debegias b’e a a@NPev@wH@yOQe@mmdsﬁW@nam peh&snat €70Hl. at a tenperature

from abgyt d%QQ%éQO_FgQQ%&Ma grﬁ’ef QgsH Hic?wl ro%%%% 5 10-8 1o 100

bar. As tested atur rogr anmed- sor pti-o (shown in Figure

3-2), dr ogen desor ption begl ns at a tenperature of ar ound 150C and peaks
at 27ochNHz + 2LiH ---> DinNH, + (4-n)/2H; + (3-m)LiH

10 (2<n<3, 0<n<l, m+n=3)

The value of the variables m and n depends on the
temperature and pressure during the desorption process. At
a low pressure or a high temperature, m is closer to 3 and n
is closer to 0, LipgNH, with 2<m<3, 0<n<l, min=3, is a novel

- 15 compound. It has a structure similar to that of lithium
imide, 1Li,NH, as both are face-centered cubic and have closed
lattice constants..We refer to the LiyNH, compound as a Li-
enriched imide, for which some of the H sites are taken over
by Li within the normal imide lattice. The overall hydrogen

20 charge and discharge processes can be described as:
LisN + Hy ~——> LiNH; + 2LiH ~— —Hy; ——>» LipNH, {(3)
(2=m<3, 0sn<l, min=3)- -

In gitu X-ray Diffraction (XRD) was used to measure the
phase transition during hydrogen absoxption and desorption
25 process of a LisN sample. As shown in Figure 4, before
hydrogen absorption, only strong diffraction peaks assigned
to LisN and weak peaks to Liy0 and LiOH are observed (Figure
4a}. As hydrogen absbrption began, the LisN phase became

weakened and finally vanished and the amide and hydride

30 phases situated at approximately 30.5°, -51°, 38°, 44°




The desorbed hydrogen may cone fromthe followng reaction: LiNH2 + 2LiH
---> LinNH'" + (4-n)/2H2 + (3-mLiH (2) 10 (2 3, 0:-n_<1, m2hZgyilPAGS val ue
of the variables mand n depends on the tenperature and pressure during
the desorption process. At a |ow pressure or a high tenperature, mis
closer to 3 and n is closer to 0. LiNHwth 2<nk3, 0O<n<l, mtn=3, is a
novel 15 womp@arsd. It has a structyre simlar to thacrstoddotshi um i m de,
Li 2NH, as both are face-centered. ddbic and have closed lattice constants.
W refer_to the LiMNH' co u as a.lLi- enriched jmde, for which some of
Uhe H orEEReEr T CHk et B ares by 86, BhPRY NS nopteP ot iidet e {1 ce. The
overal | sﬁﬁﬂl@gi@lnAzoa@zﬂﬁgggré’-% dbgeharge ﬁa%eﬁéﬁ%gq_ﬁg e described as:
LiBN + H2 ---> LiNH2 + 2LiH -- -H2 --> Lim\NH'" (2_<X<_3, 0<_n:91, mn=3) (3)
~I'n situbkhhyr prifle faskened \Ro) thage Fsedored feadiF_l¥e phase transition
- during kydseean iARSOrvk08paNd rdgs s PidhON AR @l@%@?& Qhaggdi 3N sanple. As
shown_in Figure 4, before hydrogen absorption, only strong diffraction
peaks® ad8figitbiFharge HaRtans e dkipediesst 8T LFPOOURES LisOfhaY® obser ved
(Fi gureind4@)gurdsghydrogen absorption began, the Li 3N phase becane weakened
and finally vanished and the am de and hydri de 30 phases situated at
approxinptely 3Q.5.51 .38, 25 April 2006 WD 03/037784 13 PCT/ S@2/ 00254
respect ?@'gf?,end%\ffgf%%ée&n(ﬁéfgrfe 4b and 4c). On heating the sanple in Ar
at nosphere to 350C, the peaks belonging to |I|ithium am de weakened and
those ads8i ghedreaent tinvantiahr echew deacdeonidedivopedicfigane 4d). The

hydrogen,ghaf B was demonstrated to be a route for reversible
| 10 hydrogen storage. LiyNH., when m=2 and n=1, is the normal
lithium imide with formula of Li;NH. When 2Z<m<3, 0<n<i,
m+n=3, LiNH, has a structure similar to that of lithium
imide, LipNH but with a constrained lattice. This compound
is again referred to as Li-enriched imide. The reaction
15 occurs when LigNH, reacts with hydrogen gas at a temperatures

from about 0°C to about 600°C and under a hydrogen pressure
from about 107 to about 500 bar:

Lin¥H, + {m-1}H,

l LiNH; + (m-1)LiH (4)
— >

{2<m<3, 0<n<1l, min=3)

20 The reaction can go in either direction, depending on the

temperature and hydrogen pressure. At a temperature in the

range from about 50°C to about 400°C and a hydrogen pressure .
from about 1072 mbar to about 500 bar, LipNH, reacts with

hydrogen and forms lithium amide and lithium hydride. When

25 the temperature is raised above about 50 °C and under inert
gas atmosphere or under hydrogen pressure from about 107° bax
to about 500 bar, lithium amide reacts with lithium hydride -
and forms LimNH,, with hydrogen gas being liberated. The

" hydrogen storage capacity for LiNH, is more than 5 wt%

30 depending on the value of m and n. The TPR result of

hydrogenation of LipNH, is shown in Flgure 1(2), -which




"5 and discharge kinetics of this class of conpounds is shown in Figure 8.'
- Hydrogen Storage in LinNHn In the present invention, a new2feuili2896 bet ween
Li M\Hn and hydrogen was denonstrated to be a route for reversible 10

hydr ogen storage. LinmNHn, when m=2 and n=l, is the normal [lithiumimde
with formula of Li2NH When 2<nx3, 0<n<l, mn=3, LinNH' has a structure
simlar t®oehersof |lithium imde,, Li 2NH but with a rassiziaismed | attice.
-This conpound is again referred 1% as Li-enriched inmide. The reaction 15

‘occurs en_Li ni\Hn ct.s with hydroge s,at ,a tenperatures from about
0C to a%fc])elﬁrlgo%we?néggﬁcfg’rdrﬁgﬁ?dlrsoﬁggo%%zgﬁr% tqc\pgg?%ggut 10-2 to about
500 barardun@Nsirctahdipbatié 4t LdAd¥EE Zedem 1)dieHdeddrdtdsnrss O0<n<l, m+n=3) 20

The reaction can go in either direction, depending on the tenperature and

hydr ogeVPrg8surie - At tRE trE¥SEFatHRETE PP t3e (4t aRFERFF oth &bout 50C to about
400C a ?Uo t 1 apgut 500 bar, LinMNHn
r eact sn%n%ﬁgxﬁg/%?%ggﬁﬁgn fgrargsdr Plg%%%% 3%19%% 2??'32' I(itstgﬁi um hydri de. When 25
t he Penpedtarsiawn fai Bexirgbdve) -ab8be BGlrcgandchasderaictert gas at nosphere

or undeg; ydrog n'B;Etfﬁ.:éLHPtEEQ%l%@QUBf]&héoQﬁ{s 10 sABRUL n500 bar, 1ithium

am de reacts Wt um hydride and forns LinfNHnh, wth hydrogen gas

- being | Fimmrgt®d. The hydrogen storage capacity for LiNHis nore than 5 w %
30 depending on the value of mand n. The TPR result of hydrogenation of

Li MNHN jrsrsiemnsticrabke otk e iy, syatainch 25 April 2006 WO 03/ 037784 14

A Li~-N-C material can be prepared by either thoroughly

10 mixing certain amount of carbon material into lithium metal
and thereafter reacting the mixture with nitrogen gas or by
directly mixing a lithium-nitrogen-based compound such as
lithium nitride or Li,NH, with carbon. The carbon material
can be in any convenient form, such as carbon nanctubes,

iS carbon nanofibers, graphite, activated carbon, fullerenes,
carbon powder, etc. The C to Li molar ratio is preferably
in the range of 3/1 to 1/10000, mere ﬁreferably in the range
of 1/1 to 1/1000. The mixing of carbon materials with
lithium metal, lithium nitride or LiNH, may be achieved in

20 any manner. A variety of methods are available, such as
grinding or pounding with a mortar and pestle or milling in
‘a mill, for example, a ball mill. A high-energy ball mill is
such a mill that contains spherical objects inside of the

- mill-that-have a high frequency of vibration and rotation.

25 Pounding of a certain amount of carbon into lithium metal or
lithium nitride or LigNH, followed by pressing under inert or
nitrogen atmosphere and at a temperature from about 0°C to
about 400°C or by ball milling carbon and lithium or lithium
nitride under inert or nitrogen atmosphere are particularly

30 preferred methods on a bench scale. Mixing is preferably

- done until the mixture is as homogeneous as possible.




"PCT/ S@2/ 00254 clearly shows that hydrogen is absorbed at a tenperature
“around 50C and peaks at about 260C. The desorption of hyd26gemil200@®., the
reverse reaction of (4), occurs at a tenperature around 150C and peaks at
about 280C (see TPD 5 results shown in Figure 3-2). The hydrogen charge and
di scharge kinetics of this class of conpounds is shown in Figure 8.

Hydr ogen ®oo¥ags4in Li-N-C Systeq% Li -N-C materi al rancimopsepared by

ei ther thoroughly 10 m xing certal’n anount of carbon material into lithium

nmet al d_thereafter, reacting the, m xtur i itr _gas or by
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or Li miidtrwiyth-lsaseldonomddund; atiorenat am dktweearthbeli1f any convenient form

such as_garhon ubes, .15 .ban fi phite, activated carbon,
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or LPmNEH By ¥ adfiPRt in 20 any manner. A variety of nethods are

avai l abl e, such as grinding or pounding with a nortar and pestle or
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shown in Figure 1-3. The hydrogen absorption begins at a

temperature of around 50°C and peaks at about 250°C. Under

.the flow of purified Ar, the desorption of the material

after hydrogen storage begins at a temperature around 100°C

15 and peaks at about 270°C as demonstrated by TPD measurement
(Figure 3-3). The total hydrogen storage capacity of the
Li-N-C system was measured by Pressure-Composition-Isotherm
(PCI) technique. Asg shown in Figure 3-3, the Li-N-C sample
with C/Li = 1/30 can quickly absorb hydrogen at a

20 temperature of about 180°C and a hydrogen pressure of about
30 bar. The ratio of hydrogen atoms per molecule of metal-
nitrogen compound (X) can reach approximately 3.0, which is

equivalent to approximately 7 wt% of stored hydrogen.
| Hydroééﬁmgfdfégé.in Li-N-LiH system

25 The Li-N-LiH material can be prepared by thoroughly mixing
' Li¥ or LimNH, with LiH. The LisN or LiNH, to LiH molar ratio
is preferably in the range of about 100/1 to about 1/10. The
' mizing of these two compounds can be carried out by any
suitable means, such as ball milling or pounding with a

30 mortar and pestle under inert gas atmosphere.




30 preferred nmethods on a bench scale. Mxing is preferably done until the
mxture i s as honpbgeneous as possible. 25 April 2006 WO 03/203wrd2096

PCT/ SG02/ 00254 1f carbon is added to the lithiuminstead of the lithium

ni trogen- based conmpound, the reaction between the Li-C mxture and
nitrogen is carried out at tenperature from about OC to about 800C under a
ni trogen Woeswwse fromO0.1 5 bar,to about 100 bar. mdydc@gesss absorption in
Li-N-C system may be achi eved by “exposing the Li-N C conpound to a

hydr ogeﬂc%%h@(g g1t rg.actti?gpe(ﬂt %&tﬁ %)_’f ragqgggéﬁ EE%%EO%FO about 600C

under a 0gen pressure from ab 2 nbar 00 bar. 10 The
TPR neabilt dfemecofaded, NEiG spotemadi hladgpadn £hat 3@¢n be shown in Figure 1-3.
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about; 270C as _denpnstr at ed TP asur.enent Figure 3-3). The total
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Li-N-Csanple with GLi = 1/30 can quickly absorh hydrogen at a 20

t enper at Ut #28f  ab¥utTFReBeRsIRgner o byeh pradsEem &6 %Hg{“m 30 bar. The
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10  The desorption of hydrogen begin at temperature around 100°C,

and peaked around 270° (shown in Figure 3-4).
Hydrogen Storage in metal doped Li-N System

In this embodiment, the Li-N compound is modified by one or
more doping metals. Severzl ways can be used for doping

- 15 metal into LisN or LipNH, including high energy ball-milling
or calcination. Calcination entails heating the mizture of
a metal, or of its compoﬁnds, and Li metal under nitrogen
atmosphere at temperatures ranging from room temperature to
1500°C, under gas pressure of from 0.1 bar to 500 bar.

20 Calcination can also be carried out by heating a mixture of
a metal, or of its compounds, and LisN or LiyNH, under an
inert gas or nitrogen atmosphere at temperatures ranging
from room temperature to 1500°C, under gas pressure of from
0.1 bar to 5ﬁ0 5ar. Thé aoéénﬁ.is selected from at least oné

25 metal or metalloid from the Periodic Table groups 1 to 13,
and lanthanides, C, 8i, Ge, P, 0, S, S8n, F and Cl. More
preferably, the dopant is selected from Be, Mg, Ca, B, AL,
Ti, Cr, Mn, Fe, Co, Ni, Cu, Zn, Pt and Pd. The dopant can
be provided in the form of compounds for example halides,‘

30 oxide, nitrides, organometallic compounds etc). The molar
ratio of_LigN or LigNH, to dopant metal or metalloid ranges
from 1000/1 to 1/1.




25 The Li-N-LiH material can be prepared by thoroughly m xing Li3N or
LimNHh with LiH The Li3N or LinNHn to LiH nolar ratio is pPe¥pedadB0s in the
range of about 100/1 to about 1/10. The m xing of these two conpounds can
be carried out by any suitable neans, such as ball mlling or pounding
with a 30 nortar and pestle under inert gas atnosphere. 25 April 2006 WO
03/ 037784W0@3/RUR SCD2/ 00254 Accorgj ng to the reacti es/56¢@joozmnd (3), as the
quantity of LiHis increased, the anount of hydrogen that can be desorbed

al so '@ 38R 3 @e@gfeg&g 1absor Bt 'oc_lnmaa_flaltllc,l%sgéd $¥S &lysray be achieved by
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Hydrogen Storage in ternary nitride System

Terna&y nitrides, preferably lithium ternary nitride Li-M-N
{where M is the second metal in the ternary nitride) can be
used as materials for hydrogen storage. M can be selected
15 from any metal or metalloid element in periodic Table groups
1 to 13, lanthanides, C, Si, Ge and Sn. More preferably, M
can be selected from Be, Mg, Ca, B, Al, Ti, Cr, Mn, Fe, Co,
Ni, Cu and Zn. Having higher than a ternary metal nitride

is also possible, for example LiSr;CoNs.

20 The admixture of lithium nitrides with another metal or

metalloid can be pursued by high energyv ball-milling of LiszN

with a selected metal or metalloid under nitrogen
atmosphere, or by calcination of mixtures of LisN and the
selected metal or metalloid under nitrogen atmosphere at

© 25 temperatures of from 100 to 1500°C under nitrogen pressure
from 0.1 mbar to 500 bar. Calcination can also be carried
out by heating Li-M, which is the mixture of metallic
lithium and the selected metal or metalloid, under a
nitrogen atmosphere at temperatures of from 30 to 1500°C,

30 under a nitrogen pressure of from 0.01 mbar to 500 bax.




fromroomtenperature to 1500C, under gas pressure of from 0.1 bar to 500
bar. The dopant is selected fromat |east one 25 netal or 2fétpail R0 from
the Periodic Table groups 1 to 13, and |lanthanides, C, Si, Ge, P, 0, S, Sn,
Fand C. Mre preferably, the dopant is selected fromBe, My, Ca, B, A,
Ti, C, M, Fe, Co, Ni, Cu, Zn, Pt and Pd. The dopant can be provided in

~the formWwpod@mseunds for exanpl e halides, 30 oxide,raTisGozss,

organonetal | i c conpounds etc). The nolar ratio of Li3N or LinHn to dopant
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17 PCT/ rogen absorption i1n nme or netalloird doped Li-N
syst em exmpibg betnavedibyiderpbsihngireeen|atgospiparns l26i d- doped Li-Nto a

hydr ogep at nosphere. at _a tenperature of fro out . -50C to about 600C under
a hydr og%?Pe ?%E%%roef %FS%aabﬁéqgt %gﬁ?oa@ugbg@f%ﬁbdeﬁsaﬁ The TPR neasur enent
of Li- NapMircgjpat preasivre fide3Mbbit =201 mbair st leont i 50CFibgure 1-5. The hydrogen
absorption begins at a tenperature of around 50C and peaks at about 230C

The des i Ldr 0g i e r 100C, and
poaks. al TEmEralll &8 Gro Ty Creind 386 Shaa7he : Bhchn T i gure 5.5).

Hydr ogehi-3t svager iand er hernpryi piinigeSyStsimiTar eamporitiinges, preferably

|1 thium pernagy; £ 4 io@eeid d¥bBhe (Whgr ﬁaTl\]éJnitED@e $ecpagiyetal in the ternary
nitride) can be used as materials for hydrogen storage. M can be sel ected
15 fr on¥elpingesa | wisthapged|Jasicdce | Eraatuts Pefi ddisl MbRe groups

hexagonal lattice structure, and Ca-doped LisN is also

10 hexagonal, possibly with a light lattice expansion or
contraction). In a ternary hitride, there ig always
absolute structural changes {i.e. LiCaN is of anti-fluorite

lattice sfructure).
Hydrogen Storage in Ca-N System

15 Calcium nitride (CasN:) and imide (CasNH) can be used as
hydrogen storage materials. Both materials are commercially

available. According to the following reactions:
CazN; + 2H; < 2CaNH + CaHg (5)

CasNH +Hj —p CaNH +Cal, (6}

20 Hydrogen absorption in Ca-N system ﬁay be achieved by

exposing CasN; or CasNH to hydrogen atmosphere at a

temperature of from about 100°C to about 700°C under a

hydrogen pressure from about 10°% mbar to about 500 bar. The
desorption of hydrogen from hydrogenated Ca-N-H materials

25 begins at temperature from 200 to 800°C under hydrogen
pressure from 0.01 mbar to 200 bar. The TPR measurement of
CasN; and CasNH were shown in Figure 5. The hydrogen

absorption (with hydrogen pressure ~ 1.0 bar) begins at a

temperature around 250°C and peaks at about 550°C. The

30 .desorption of hydrogen in purified Ar stream begins at




1 to 13, lanthanides, C, Si, Ge and Sn. Mrre preferably, M can be selected
fromBe, My, Ca, B, Al, Ti, O, M, Fe, Co, N, Cu and zZn25KAa¥l3g80Gi gher
than a ternary netal nitride is also possible, for exanple LiSr2CoN2. 20
The adm xture of lithiumnitrides with another netal or netalloid can be
pursued by high energy ball-mlling of LiBN with a selected netal or

nmet al | ol AWQAHEF78hi t r ogen at m)sph§ e, or by cal ci natRCas6zm026¢ ur es of Li 3N
and the selected netal or netalloid under nitrogen atnosphere at 25
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achi evetlydmpogeax pbsiayg terhiayHnsystiedes t o hydrogen at nosphere at a
~tenperature of from about -50C to about 600C under a hydrogen pressure
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di fference between netal doped Li-N systemand a ternary nitride of
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nitride here, is.al ways, absol ute structur changes (i.e. LiCaN is of
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10 200 bars. Al-N-H systems include aluminium nitride (A1N},

aluminium hydride—ammonia adducts and their deriwvatives such
@as AlNHg, AINH,, AINH; and AlNH;. Hydrogen storage in Al-N-H

system may follow the processes of:

AIN —*® o AINH, —*® p AINH, —F %2 ) AINHs m=3 or 4

15 Figure 7, curve 1, shows the Temperature-Programmed-
Desorption spectrum of one of the hydrogenated AL-N-H
sample, as can be seen, the hydrogen desorption begins at
temperature just above, or even below, room temperature. In
the whole testing period, there is continuous hydrogen

20 desorption {temperature ranges from room temperature to

600°C) .
-Hydrogen storage in Ti-N-H systems

Titanium nitride, TiNx, where x depends on the preparation

methods, was found to be able to absorb Hz at temperature
25 from 25°C to 700°C under hydrogen pressure from 0.01 mbar to

500 bar. Preferably, the value for x is 0.3<x<1l. Figure 7
curve 2 is the TPD feature of hydrogenated titanium nitride

sample. It can be seen that hydrogen desorption begins at
temperature below 100°C and peaks around 200°C, 300°C, and
30 400°cC. _ -




Hydrogen Storage in Ca-N System 15 Calciumnitride (Ca3N2) and i m de
(Ca2NH) can be used as hydrogen storage materials. Both mafevirdR80&r e
commercially available. According to the follow ng reactions: Ca3N2 + 2H2
Ca2NH +H2 0 2CaNH + CaH2 (5) 4 CaNH +CaHzZ (6) 20 Hydrogen absorption in
Ca-N system may be achi eved by exposing Ca3N2 or Ca2NH to hydrogen

at nospher®0da¥03gs4 t enper ature of from about 100C to #EEG2AOBE under a

hydr ogen pressure from about 10-2£ﬁbar to about 500 bar. The desorption of

hydr oge rom hydrogenated Ca-N-H materials 25 begins at tenperature from
200 to %ﬁgﬁﬁd;e@r"rﬁ ﬁrjdbg"ﬂ %%%e?uf SE¥ 0. 01 nbar to 200 bar. The TPR
measurenment of Ca3N2 and Ca2NH were shown in Figure 5. The hydrogen

absor ptHwiropant vashfdrodde peedwiprded v Gilw Rtbegjineratrres ofenper at ure

around 250C p at ,about. 550C._ _The 30 desorption of drogen in
purifi etr A Oﬁgﬂgaﬁ]@g}‘%%era?‘y%"%& Presoys \ﬂ% g3§]0§}?‘7§4€ﬂ94%d/ 3G02/ 00254
t enper atdy.e pakortd o3 S8surReak ethrpe@t Belkr S 386gé Shmn 201t tbi gure 6. The

hydr ogen charge and di scharge kinetics of this class of conpounds is shown
in FPQU®°’8. FHymiregerrwrer adge ithe ATEINPHoEY e éxfs hBAXREANG§EeR can be
reversigﬂﬁ4§tored in Al-N-H systemat tenperature of from-80C to 700C
under hy&rogen pressure of

- The hydrogen sorbents described above can be used in any
circumstances where hydrogen supply is needed. A preferred
application of the sorbents is in hydrogen reservoirs.

10 Applications for these reservoirs are numerous, for example

" as on-board hydrogen storage 'in hydrogen-energy-driven
automobiles, ships, aircraft, missile etc.. Another possible
application for the sorbents is in a hydrogen fuel cell
where, for example, the sorbents described above can supply

‘15 the Hs. In addition, the hydrogen absorption and desorption

reactions described above can be used to transport energy.

A hydrogen reservolr may comprise a container that contains

the sorbent used in the invention. The container preferably
bears one or more ports that permit the ingress of hydrogen
20 during hydrogen absorption and that permit the egress of
hydrogen during hydrogen desorption. The container can also
use a single port with a reversible valve to permit both the

ingress and the egress of the hydrogen. A person skilled in

the art would have the knowledge and training suitable to

25 design containers for use as hydrogen reservoirs.

The documents cited or referred to in the above discussion

are hereby incorporated by reference.

The following specific examples are provided to illustrate
the invention. It will be understood, however, that the
30 specific detalls given in each sample have been selected for

purpose of illustration and are not to be consttued as a




from0.01 nbar to 40 bar. Hydrogen desorption from hydrogenated Al -N-H
system occurs at tenperature of from- 50C to 800C, and at Zhyxjpridgeeo
pressures of from 10-8 nbar to 10 200 bars. Al -NH systens include
aluminiumnitride (ALN), alum nium hydri de-anmoni a adducts and their
derivatives such as ALNH6, ALNH4, ALINH3 and ALNH2. Hydrogen storage in
Al -N-H swyovsmriay foll ow the progj(cesses of : AIN + " 2»drsbdMmis+ H2 p AINHmM +
H2 | ALNH6 m= 3 or 4 15 Fi gure 7 urve 1, shovvs t he
Terrperai F{g ra d nI%%% | e }?ne?:‘loénts wehgdrogenated
Al -N-H 858 e % ;131?3’ deESTpIToR B&GT ns at
terrperasthrcmc]:e&tunalbovﬁ,midiarexzem:i:mbow urrl@em betgerature. In the whole
testing period, there is continuous hydrogen 20 desorption (tenperature
ranges &EQFEF Qomterrper ature to 600C). Hydrogen storage in Ti-NH systens
Ti t ani umm Il Ti Nx, where x depends on the preparation nmethods, was
found to be abI e to absorb H2 at tenperature 25 from 25C to 700C under
hydr ogeEa¥Pégstire from 0.01 mbar to 500 bar. Preferably, the value for x
is 0.3<x<_1. Figure 7 curve 2 is the TPD feature of hydrogenated titanium
ni trisdeo. $@;rmhe,:;.ﬂhtwasa@ubeimmhbhaémﬁlxedceglemfdesef@stsju@a begi ns at
tenperature bel ow_100C an ks .aro 0C 30 and 30 400C. 25 April
2006 V®WP5§%4IEBQIWW g&ggfdfﬁ% rhélgéﬂg ragl n Si-N based systens
Hydr ogerapaad t§ owsd detedyei naelkds by b‘erd:rbyluﬁrigl\l:wa}baﬂ @rfpbyamgees of

into the sample cell, which was preheated to 300°C. After 2

hours of absorption, about 10 wt% of hydrogen was absorbed.
10 Desorption was performed by evacuating the PCI system to 0.1
: mbar at a temperature of 350°C for 2 hours. The amount of

desorbed hydrogen was measured by re-absorption of hydrogen

at 300°C and under 30 bar of hydrogen for 2 hour. About 5.5

wt% of hydrogen was re-absorbed, which means that about 5.5

- 15 wt% of hydrogen was desorbed at 350°C.

Example 2:

120 mg of graphite was admizxed with 350 mg of lithium metal
as homogeneously as possible., The mixture was then exposed
to nitrogen gas at room temperature for 3 hours to form a

20 TLi-N-C sample. 0.5 gram of the Li-N-C sample was put into a
PCI sample cell and an autoscak measurement was then done at

-180°C under a hydrogen pressure of 40 bar for 3 hours. About -

7 wt$ of hydreogen was absorbed. On desorbing at 350°C, about

3:5 wt % of hydrogen was released.

25 Examgle 3:

60 mg of carbon nanotubes were admixed into 1.1 gram of

lithium, then the same procedure as Example 1 was followed

except, using an autosoak temperature of 250°C. About 9 Wtﬁ




~from OC to 600C under hydrogen pressure of 0.01 nbar to 500 bar.
Desorption occurs at tenperature range from 20C to 5 800C. 2fiAguil 2066 curve 3
is the TPD profile of hydrogenated Si3N4. The hydrogen sorbents descri bed
above can be used in any circunstances where hydrogen supply is needed. A
preferred application of the sorbents is in hydrogen reservoirs. 10

Appl i cat ivomes/BTB4 t hese reservoi r's,are numerous, f or rexaeploess as on- board
hydr ogen storage in hydrogen-energy-driven autonobiles, ships, aircraft,
mssile etc... Another possible li.cation ol he sorbents is in a

hydr ogeﬂEfWélFo%%ﬂ Iwasmﬁlég%r?’efjm %kgg‘g‘l”é]?”’tghéts%&%gnt%’Odlgsg'r bed above can
supply &5 ¢ he IZdrdgenadsk tdedBasddhe hydrogen absorption and desorption
reactions described above can be used to transport energy. A hydrogen
reservo'};am gpnprise a container that contains the sorbent used in the

i nventi ﬁrggée—tontainer preferably bears one or nore ports that permt
the ingress of hydrogen 20 during hydrogen absorption and that permt the
egress of% dipurofed thipn igidg diasy Oat dior gt POR. samwéecefitlai ner can al so  use
a si Rl &P bn Wilhi? cLEVES $hb! SALYS 40 RERTT feRQiBL NG 1 Ngress and the
egress of the hydrogen. A person skilled in the art woul d have the

know edgeraid tr aixvepy shatt abl auttogo@B duwiegateontodi AGY°S ¥ use as hydrogen
reservojrs, T t ' r f 0 i 0 di scussion are
her eby ?%%%rpgggﬂggygggr%ﬁg&éﬁ%ﬁ%’?%%i%%%ﬁgaéhglgﬁég???%'éganples are

provi dedydmpgieh | st et Eorndte by neraeunbing Ithewsifiplse tandek gbdovd, however, that

the 30 ific detajls gi i h le _have b lected f
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10 re-absorption of hydrogen at 200°C under hydrogen pressure of

30 bar for 3 hours. About 5.5 wt% of hydrogen was re-

absorbed.

Example 5;

0.5g of aluminium doped LisN (Al/LisN = 1/10) was put into a

15 PCI sample cell then Pressure-Composition-Isotherm (PCI)
measurements were taken at 200°C. PCI measurement was done by
introducing an aliqucot of H; into the sample cell step-by-
step until the hydrogen pressure reached 70 bar, in the
meanwhile, calculating the amount of hydrogen absorbed by

20 - the material; then removing hydrogen from the cell gradually
till pressure drops below 0.03 bar, and calculating the
amount of desorbed hydrogen. -~ 8wt% of hydrogen was

absorbed. The desorbed hYdfogen.ﬁéS ~ 4.4ﬁt%1

Example 6:

25 500mg of CasN; was introduced into a PCI sample cell and
Pressure-Composition-Isotherm measurements were taken at 550
°c, Conditions for measurement are similar to those described
“in Example 5. ~ 4wt% of hydrogen wéé absorbed and ~ 2wt% of

"~ hydrogen was released.




"WO 03/037784 21 PCT/ SG02/ 00254 limtation on the invention. CGenerally, the
experiments were conducted under simlar conditions unl es@€5daqrddf0&Exanpl es
Exanple 1: 5 0.8 gram Li 3N was put into the sanple cell of a Pressure-
Conposition-Isotherm (PCl) unit. The hydrogen storage capacity was

determ ned by introducing 40 bar of hydrogen into the sanple cell, which
was prehewbasloaress 300C. After #)%rs of absor pti on,p@Eiscudioodsa0 wt % of
hydrogen was absorbed. 10 Desorpt n was performed by evacuating the PCl
system%}g 0.1 _nbar at a tenperature of 350C for 2 hours. The anount of
desor be oZ;en was neasured by re-absorption of hydrogen at 300C and
under 30 bar of hydrogen for 2 hour. About 5.5 w % of hydrogen was

r e- absofbewd, ofdhi-Th wasaaduideat walodt05m6 0f15it\b%rfoi1ihlgﬂ'dieogen was desorbed at
350C. aphi.t.e d 5@chg of lithium

met al a%@gﬁeoé%%ééusreogébg%ss% mwgﬁ'e&m%té é:\#ég"t en exposed to

: ni t rogenalgde aelk oot BenpEIoaPak endagpremdrdumvgstidiehodame 220 Li - N- C sanpl e.

sanple was_p PCl npl e,,cel.l and an
auto oagg(r%éa‘%rﬁf rrrgngli”g]é§etnh%rescfgﬁ% a% dol%ﬁ uonrdgr]m%lu Sy drogat pressure of 40
bar forsaqﬂ%OUEShymeeh wds \Wb%e Sledly doR Uk oMBEnARIORDED, Buudesorbing at

350C, about wt % of hydrogen vvas rel eased. 25 Exanple 3: 60 ng of
carbon ﬁ%@’?u%e%f\wﬁéoﬁ%%dr? 1 gramof lithium then the' sane
procedure as Exanple 1 was foll ovved

Example 8

Titanium dopedei3N (Ti/LisN = 1/10)sample was prepared by

10 ball-milling Ti metal and LisN power for 10 hours. 0.5g of
the titanium deped LisN was put inte a PCI sample cell, and
then Pressure-~Composition-Isotherm (PCI) measurements were
taken at 200°C. PCI measurement was done by introducing an
aliquot of Hy into the sample cell step-by-step until the

- 15 hydrogen pressure reached 40 bar, in the meanwhile,

calculating the amount of hydrogen absorbed by the material;
‘then removing hydrogen from the cell gradually till pressure
drops below 0.03 bar, and calculating the amount of desorbed
hydrogen. About 7wt% of hydrogen was absorbed. The desorbed

20 hydrogen was about 3.5wt%.

Example 89

-..LigN.and CasN, in a molar ratio of 1/1 were ball milled for
10 hours to prepare a ternary LiCaN sample. 700 mg of the
Li-Ca~N sample was put into a PCI sample cell and followed

25 the same procedure as described in Example 1, except that a
temperature of 250°C was selected . Bbout 3.0wt% of hydrogen

was absorbed and about 1.0wt% of hydrogen can be recycled.

Example 10

LisN and Ni in a molar ratioc of 8/3 were ball milled for 10

30 “hours and then calcinated at 780°C for 24 hours to prepare a




except, using an autosoak tenperature of 250C. About 9 wt% 25 April 2006 WO
03/ 037784 22 PCT/ SG02/ 00254 of hydrogen was absorbed. On d@8dwmil 380Gt 300C,
about 4.5 w % of hydrogen was rel eased. Exanple 4: 0.9 gramof |ithium
imde was put into a PCl sanple cell, 5 and then submtted to the sane
procedure as described in Exanple 1, except that an autosoak tenperature of
200C was wasx@7sAbout 6 w % of hyg{]ogen was absor becdcrBe®@mnyst i on of
hydrogen was performed by evacuatfhg the sanple to 0.1 nbar at 300C for 3
“hours. The desorb hydr ogen neasur.ed re- absor ptign of hydrogen
D00 TS RyaROH FPBLEur D0oS 50 Tt ot TIPSRt 5. 5 wt o6 of
hydr ogeiniwnPCLesarglisorbill. ankdx &0l osrel: tie Sgmef padasaiauné L doped Li 3N (Al/ Li 3N
= 1/10) ,was .put. in a .15 PCl sanple cell then 0

pr essut ESEREY 1T GRATRLY Pl PP TRO e T BRETL 508 21%Ren at 200C PO
measur enentsedastetbne Abyut i HidwdEudi hgdasgsal wgaotbirbe? amt o t he sanpl e cell
st ep-by-, ste ntd | e . hydrogen .pressure reached 70 bar, in the

mean i?%?Utcgl'@% %tﬁfﬁlgy?ﬂél eélrﬁgﬁl}ltb%ofeﬁ)f/%eggen absorbed by 20 the material;

t hen renoving hydrogen fromthe cell gradually till pressure drops bel ow
0.03 bar, and calculating the anount of desorbed hydrogen. ~ 8w % of

hydr ogen was absorbed. The desorbed hydrogen was ~ 4.4wt % Exanple 6: 25
500Ny ofo Ga3bR esliedt fedieedri Ntie asREldssanpbe ekl nand

Pressur e- Conposi ti.on-1sot herm measurenents were takepn at 550 C. Conditions

for neaSHAWRENt T UFE ISP P 2P0 YATdSE1 ol GPPpRy Made without

departing from the spirit and scope of the present invention

10 as claimed in the following claims.




in Exanple 5. ~ 4wm % of hydrogen was absorbed and ~ 2wt % of hydrogen was
rel eased.. 25 April 2006 WD 031037784 23 PCT/ S@2/ 00254 ExadplAgrii208D ny of
" LiH was adm xed with 350 ng of lithiumnitride as honpbgeneously as
possi ble. The m xture was put into a PCl sanple cell and an autosoak
measur enent was then done at 5 250C under a hydrogen pressure of 40 bar for
3 hours. Wwoou7788 wt % of hydr ogen,yas absorbed. On dessciomgs at 300C, about
4.2 wt % of hydrogen was rel eased. Exanpl e 8 Titani um dopedLi 3N (Ti/Li 3N =
~1/10) sagp%g was.prepared by 10 ball-milling Ti netal and Li3N power for
10 hours—90: the titani um doped Li 3N was put into a PCl sanple cell,
and then Pressure-Conposition-Isotherm (PCl) neasurenents were taken at
200C. P&t neasur Brneitichpgs, don&ebiowinGestats ndl-alulkas.qliot of H2 into the

sanpl e ggltyat 8B bARPtEePLEdE .| BY8fogehd aRY B ERERN PESSELEGe  €ached 40 bar, in
t he neanwhil e, cal culating the anmount of hydro%en absorbed by the materi al;

t hen refBthdonyatvqad grevrd reaperqrigtasmali-y e i Fhipr BdSure’ drops bel ow

0.03 doar(aomﬂcﬂai@_a&cwsaidsogcﬁi%eaﬂpmtgg@%.d@%ysbeﬁl-nhydrogen- About 7wt % of
hydr ogen was absorbed. The desorbed 20 hydrogen was about 3.5wt % Exanple

9 Li 3N gndn Ca3Ng ip .a lar ratio of 1/1 were ball mlled for 10 hours to
prepar ega t er nar 'Ll\pﬁﬁgga F&3°H hg 8%’1”?% ef?@’@aglN sanpl e was put into
‘a PCl sampdimrcehd MnEikbbetowdgdPogdrhass aneeqzraggechifrdeas alescri bed in

B S P GRR Y oy, WP OIALUTG 01205 VBS7) Cpha) - ADOUt 3. Otk
. Part B.

10 3. H. Imamura, N. Sakésai, T. Fujinaga, J Alloy
Compd, 253, 34 (1997) '

4. A. Zaluska, L. Zaluski, J. 0. Strom—-Olgen, Appli‘
Phys A, 72, 157 (2001).

- 5, D. Miklauz, Monatsgh, 31, 981 (1910}.

15 6. N. R. Georges, Berichte d. D. Chem. Gesellschaft ,
44, 502 (1911).




-was absorbed and about |.Oat % of hydrogen can be recycled. Exanple 10 Li 3N
and Ni in a nolar ratio of 83 were ball mlled for 10 3025eyrd 260 t hen
calcinated at 780C for 24 hours to prepare a 25 April 2006 WO 03/037784 24
PCT/ S&02/ 00254 ternary Li2.4N 0.3N sanple. 500 ng of Li2,4N 0.3N sanple was
put into PCl sanple cell and followed the sanme procedure as described in
Exanpl e 1 except that a tenperature of 250C was sel ected. About 6. 0w % of
hydr ogen was absorbed and 5 about 3.0w % of hydrogen can be recycled. To
those skilled in the art, it is understood that many changes,

nodi fications and variations can be made w thout departing fromthe spirit
and scope of the present invention 26 as clainmed in the follow ng clai ns.
25 April 2006 WO 03/037784 25 PCT/ SG02/ 00254 References: 1. H Buchner, P.
Pel | oux- GerGdeigns:M Ml lar, F. Gafwallner and P. Luger. Hydrogen and
ot.her alternative fuels for air and ground transportation. H W Pohl,
Eds. (John Wley & Sons, Chichester 1995). Chaps. 7-11. 2. J. Ntsch, W
Peschka, W Schnurnberger M Fischer and H Eichert. Hydrogen as an
energy carrier. C. Wnter and J. Nitsch, Eds. (Springer-Verlag. Berlin,

1988), - Paft B. ATfockss i't!rrw@ﬁw&%s&lbm%%%?@gen whedett 4 A8@fnitbeth Icg%pomd

253, 34 (1997)
' or a metalloid-nitrogen compound further comprising a dopant is contacted with a hydrogen

containing atmosphere, at a temperature and under a hydrogen pressure which petmits hydrogen
absorption.

2. The process according to claim 1, wherein hydrogen is adsorbed at from about -
50°C to about 800°C and a hydrogen pressure from about 10™ mbar to about 500 bar.

'3 The process according to claim 2, wherein the temperature is 220°C or less.

4. The process according to claim 1, wherein the metal-nitrogen compound is of the
- forrmuia Li,NH,,, wherein 2<m<3, 0<n<1 and m+n=3.

5. The process according to claim 4, wherein the metal-nitrogen compound is LisN.

6. The process according to claim 4, wherein the metal-nittogen compound is Li;NH
or a Li-enxiched lithium, itnide. |

7. The process according to claim 4, wherein the Li,,NH, metal-nitrogen compound
is in admixture with a carbon dopant in a molar ratio of Li to carbon of from 10000:1 to 1:3.

8. The process according to claim 4, wherein the Li,,NH;, metal-nitrogen compound
is in admixture with a metal or metalloid dopant in a molar ratic of LinNH,, to metal dopant of
from 1000:1 10 1:1. '




4. A Zaluska, L. zaluski, J. 0. Stromdsen, Appli Phys A 72, 157
(2001). 5. D. Mklauz, Mnatsh, 31, 981 (1910). 15 6. N. R25@GausHgees
Berichte d. D. Chem GCesellschaft 44, 502 (1911). 25 April 2006 26 C ai ns:
1. A process for reversibly absorbing hydrogen, wherein a netal -nitrogen
compound or a netalloid-nitrogen conmpound further conprising a dopant is
contacted with a hydrogen contai ning. Tat nosphere, at a tenperature and
under a hydrogen pressure which permts hydrogen absorption. 2. The

process acc@r di ngliegrédeds McbrdiM@ ey Gaith H\iEIRRhd Mol 5PMRMoRE ddpadiis akout -
50C to about 800C and a hydrogen pressure from about 10 nbar to about 500
bar. TREmSEbekrwEodicieble Founsd ©113) alanthagiie dementne, SieMsePPu¥dn, & fiC or

| ess. 4. The process according to claim1l, wherein the netal-nitrogen
conmpound is of the fornula LinMNHn, wherein 251n< , 0< | and m+n=3. 5. The

‘process accandi nThe@rodess scdrdimhey im 8, vehereihahe iklal og@eratioidnivsact ik Be)-i 3N.
6. The _process according to claim4, wherein the netal -nitrogen conpound is
Li 2NH 1‘8&:%% Abrki; SrevD) Fey fiouNiLiGH. d&, Phor Bhe process according to claim 4,
wherein the Li mNHn netal -nitrogen conmpound is in adm xture with a carbon
dopant in a nolar ratio of Li to carbon of from 10000:1 to 1:3. 8. The

- process accdtdi nTht pradess avcdrdingerchiin 4, hehekdintidLipBiR methliiaggen conjuitd

is in adm xture with a, . or netalloid dop Q. J ar ratio, of Lim\Hn
o ot B R agEregti » Lifeeden in § Bl reberef TpRHa to 468 2981 of Rempi Gkl
accordyijg to claim8, wherein the nmetal or netalloid dopant is an el enent
of periodic table groups | to 13, a lanthanide elenent, C, Si, G, P, 0, S,
Sn, For . 10. The process according to claim8, wherein the netal or
metal | oid d?fantﬂlg pr%%éss according to claim 1, wherein the metal-nitrogen or metalloid-

nitrogep compound is a ternary or higher nitride based compound,

13.  The process according to claim 12, wherein the ternary or higher nitide based
componnd comprises two or more elements independently selected from the metal and metalloid
elements of Periodic Table groups 1 to 13, a lanthanide element, C, Si, Ge and Sn.

14.  The process according to claim 12, wherein the ternary or higher nitride based '
compodnd comprises two or more elements independently selected from the group copsisting of
Li, Be, Mg, Ca, B, Al, Ti, Cr, Mn, Fe, Co, Ni, Ca and Zn,

15.  The process accordingto claim 14, wherein at least one element is Li. -

16.  The process according to claim 1, wherein the metal-nitrogen compound is a Ca-
N based compound selected frorn CazN; and Ca,NH.

. 17.  Ahydrogen reservoir coniaiﬁiﬁg a metal-nitrogen compound or a metalloid-

- nitrogen compound combined with a dopant that bears absorbed hydrogen or is capable of
bearing absorbed hydrogen.




‘M, Ca, B, Al, Ti, &, M, Fe, Co, N, Cu, Zn, Pt or Pd. 11. The process
‘according to claim4, wherein the Li nNHn net al -nit rogen corpctind 200& in
adm xture with a LiH additive in a nolar ratio of LimNHn to LiH additive of
from100:1 to 1:10. 12. The process according to claim1, wherein the

met al -nitrogen or netalloid- nitrogerd&onpound is a ternary or higher
nitride based conpound. 13. The process according to claim12, wherein the
ternary orifigh &5}5#@ nfdal | enent s
'mdependent y sglheeg fro%ghé?ﬁgac ta gﬁglaﬁrrggg rﬁ@&ﬁﬂei?erre ts o ﬁPerl odi c
Tabl ecgnmmﬂakofﬁef&mﬂammﬁgmmnamw_ﬁl #&id mB=3And Sn. 14. The
process according to claim 12, wherein the ternary or higher nitride based
conmpound conprises two or nore el enents independently selected fromthe
group consigt i ngyohy drbgen%ervwﬁacgadm% to Ethim 18, WM nfe@al-nfefbgehti . Cu and
Zn. 15. The process” according to claim 14, whetein at | east on€ elenent is
Li. 16omm1mdp$b13§ss according to claim1, wherein the netal-nitrogen
conmpound is a Ca- N based conpound selected from Ca3N2 and Ca2NH. 17. A
hydr ogen reservoir containing a netal-nitrogen corrpound or a nmetalloid

ni trogen' c 0 RRIBEAERs nk@ggﬁogen or is
capabl e ofmrgeg?%] ab orbe%vﬁgﬁé%%gﬁgm%lm?ﬁbﬁzooe 28 18. The hydrogen
resermmolmdcﬂkmbmaiemqhﬂdﬁthlmmen the metal -nitrogen conpound is of
the formul a Li mNHn wherein 2<nb3, O<n<l and m+n=3. 19. The hydrogen
reservoir according to claim18, wherein the netal-nitrogen conpound is

Li 3N. 20. Jhe hykl Baeoedoaesveir headedins i d1gint 03,Ghivdrem 18 LWNGT Shétall he

nmetal -nitrogen conppound is Li2NH or a Li-enri ched lithiumimde. 21- The
- hydr dg@ﬁgwmé issiacdmirwee woh @lcasben depankjin psralan rdo pf Ailrsarkenf from
n|tr cg;nd is in adm xture with a carbon dopant in a nolar ratio of
Li to carbon of from 10000:1 to 1:3. 22. The hydrogen reservoir accordl ng
to claim 18, wherein the LinNHnh netal -

- 22, The hydrogen reservorr according to claim 18, wherem the LiNH;; metal-
pitrogen compound is in admixture with a metal or metalloid dopant in a molar ratio of Lip,NH,,
to metal dopant of from 1000:] to 1:1.

23.  The hydrogen reservoir according fo claim 22, wherein the metal or metalloid
- dopant is an element of periodic table groups 1 to 13, a lanthanide element, C, 83, Ge, P, O, S,
So, ForCl.

. 24,  The hydrogen reser\roirl’according to claim 23, wherein the metal or metalloid
dopant is Be, Mg, Ca, B, Al, Ti, Cr, Mn, Fe, Co, Ni, Cu, Zn, Pt or Pd.

25.  The hydrogen reservoir according to claim 18, wherein the LipNH, metal-
nitrogen compound 1s in admixture with a LiH additive in a molar ratio of Li,NH, to LiH
- additive is from 100:1 to 1:10,

' 26.  The hydrogen reservoir according to claim 17, wherein the metal-nitrogen or
metalloid-nitrogen compoimd is a temary or higher nitride based compound,




nitrogen conpound is in adm xture with a netal or netalloid dopant in a
molar ratio of LimNHn to netal dopant of from 1000:1 to 128 Aprd20Ghe
hydr ogen reservoir according to claim 22, wherein the nmetal or netalloid
dopant is an el ement of periodic tablg,groups 1 to 13, a |anthanide
element, C, Si, G, P, 0, S, Sn,For C. 24. The hydrogen reservoir

accordi ng tg, cl & rein. a r- al.l ai.d Qpant i.s Be, My,
‘Ca, B, A, N @Q@O%W"”}\#&@g %’n‘gmﬂnf‘%aﬁwn%%%ﬁ?%%ﬁen

r eser uniridedasal eogpuhd compiiss o onfiie elenlcht thddyekdomtlly 3blecttt Hoage ntdarpound
is in adm xt r,g wth aliH a,d%i%’ve inanolar ratio of Lim\NHn to LiH

addi t 1498 Metaleid slemsats pfFsripdicdablereronprel oy adeRbanideslogpnt, GeSh Agiang Suo

claim17, wherein the nmetal-mtrogen or netalloid-nitrogen conpound is a
ternary or higher nitride based conpound. 25 April 2006 29 27. The hydrogen

reservoir ascor ditrghydeogeh aéserds acobetgg 1 ddim 26; whatein Ge thinghesr highdrr | de
based ¢o und conprises two or nore elenents indec@endently sel ected from

t he nmdEEde basrd GREPQPPG FRMBIPSRENP or Broredlemsnts dudegendent)y selpeed frop thg growp
| ant hapj : L ; o n reservoir accordin
Bhllgnts AT, 1\gf%w((?i’tﬂe’\ ?ﬁh?{’) @':5,501% g%e(%o’ ?ﬁ1 @r{ glg‘ggﬁ‘as ed conpound )

to claim26,” wherein
conprises two or nore elenents independently selected fromthe group

consi sting.@f Li e Ca, B, A, .Ti, Cr, , . Fe, , Ni, and Zn. 29.
The hydr Ogg% r e@W%%WH@CPWSéPﬁ%@,Z%QW%ﬁW %%&l"’éﬁ%t 8fenent
is L. 30. The hydrogen reservoir according to claim17, wherein the

metal -nitrogen conpound is a Ca-N based conpound sel ected from Ca3N2 and
Ca2NH. 31. 3%he Mhdhydegen mseavoviaccardingrtd climtld, wherein the maldiarteogens. 5 W % or

- nore esor | . hydrogen i dsor hed. .32. A ss for reversibly
absorgiirﬁﬁglﬁzi/dgﬁ;g eaﬁﬁbﬁ%egr?howgﬁﬁféﬁ{ gP‘-“e%’é‘?%ﬁBﬁ&raﬁl&ﬁhi uminide, aternary
or higher nitride based conmpound or Ca2NH is contacted wwth a hydrogen

cont ai ni ng_at nogphere, at a tenpperature and under a hydrogen pressure which
pernits hydr ogdhc hydieesn reservoigaccoriag e cleim 4 7 awboeiti 1§ wi%h wimemog2 wher ei n

the L2 e fyifoddif Ridofiagd |1t i um

32.  Anprocess for reversibly absorbing hydrogen, wherein Li;NH, a Li-enriched
lithium imide, a temary or higher pitfide based compound or Ca;NH is contacted with a
hydrogen containing atmosphere, at a temperature and under a hydrogen pressure which permits
hydrogen absorption, '

33.  The process according to ¢laim 32 wherein the Li;NH or the Li-enriched lithium
. bmide is in admixture with a Litf additive in a2 molar ratio of Li,,NH, to LiH additive of from
100:1 to 1:10.

| 34.  The process according to claim 32, wherein the temary or higher nitride based
compound comprises two or 1more elements independently selected from the metal and metalloid
elements of Periodic Table groups 1 to 13, a lanthanide element, C, Si, Ge and Sn. 7




imde is in adm xture with a LiH additive in a nolar ratio of LinNHnh to LiH
additive of from 100:1 to 1:10. 34. The process accor di ng2f &puil 200h 32,
wherein the ternary or higher nitride based conmpound conprises two or nore
el ements independently selected fromthe netal and netalloid elenents of
Periodic Table groups 1 to 13, a | ant hahi de el ement, C, Si, Ge and Sn. 25

April 2006520 gﬁ BfB'E!Ss 08&-&&%tﬁ%&%%”&h&%p%@'téﬂ:%orﬁ%%%?hi‘&i&e%s&fr”ary

or hi gher n|tr| ased onpotnd conprises
i ndepesminind yrosprised e drmoore telegneptsainferendaitytselegted fronk the dlenp ddnsisfiag o, Al ,

, The process according to clai m 35,
mherg'hB%aegéiﬁ;oo‘ﬁbwéﬂlm 521N1’g:7‘ a%?ydrogen reservoi r containing
Li2NH, a Li-enriched lithiumimde, a ternary or higher nitride, or Ca2NH,
t hat bears absorbed hydrogen or is capable of bearing absorbed hydrogen |,
38. The hy3f.ogeThe poeessaccordingdo dlaing 36pwhérainmt Bast avalenentinbi.Li 2NH or t he
Li- enriched lithiumimde is in adm xture wwth a LiH additive in a nolar
ratio of Li, to L|H additive is from100:1 to 1:10. 39. The hydrogen
reservoir cor gi BRI ta‘ﬁﬁ]ﬁé t flg{@

oA % 9 i?ZINH ALl kR epen tgent el ect ed from

based conpound co rlses two or nore elenénts 1 nd
t he rhdgher nitnidd, ordtaaNHp it bearsrehsoshedfhyReogen or ts Capadile ogbmmg absorbed 13, a

| ant Ihaﬁkﬁdg%?el enent, C, Si, Ge and Sn 40. The hydrogen reservoir accordi ng
to cl wherel n the ter nary or higher nitride based conpound
conprises two or rmre el enent s independently sel ected fromthe group

consi sting of Li My, Ca, . Fe, Co, N, Cu and Zn. 41.
The hydro%ﬁ re%wg%@mwpm@lw7 Wherein thedizNHasthedate el enent

i's Lienriched Ythium imide is in admixture with a LiH additive in 2 molar ratio of Li;NH, to LiH
additive is from 100:1 to 1:10.

39.  The hydrogen reservoir according to claim 37, wherein the texnary or higher
mitride based compound comprises two or more elesnents independently selected fror the metal
and metalloid elements of Periodic Table groups 1 to 13, a lanthanide element, C, Si, Ge and Sn.

40.  The hydrogen reservoir according to claim 37, wherein the ternary or higher
nitride based compound comoprises two or more elements independently selected from the group

consisting of Li, Be, Mg, Ca, B, Al, Ti, Cr, Mn, Fe, Co, Ni, Cu and Zn.

41.  The hydrogen reservoir according to claim 40, wherein at least one element is Li.




