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METHOD FOR REVERSIBLE STORAGE OF HYDROGEN AND MATERIALS FOR
HYDROGEN STORAGE

This application is related to U.S. Provisional Patent

5 Application Serial No. 60/330,802, filed Octocber 31, 2001,
~entitled “Method for reversible storage of hydrogen and
materials for hydrogen storage”, the contents of which are

‘hereby incorporated by reference.

"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.
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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 LaNisHg. Subsequent 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




Applications of hydrogen in pure form (liquid hydrogen or _conpressed
hydrogen gas) are nostly utilised for large-scale or stat2d48 200 poses,
since the weight of containers for hydrogen is nornmally too prohibitive
for uses where hydrogen 5 is used in limted scope. For vehicular or any

ot her portable applications, hydrogen stored in solid-state materials
seens to be the best solution. Thus, cryo- adsorption systens and netal
hydri de systens are the two nost prom sing systenms. 10 The cryo-adsorption
- systens show advantages in noderate weight and volune. In this system
hydrogen nol ecul es are physically béund to the surface of activated carbon
at liquid nitrogen tenperature. Under optim sed conditions, the hydrogen
storage capacit £ tivated carbon,may reach. 15 7 % based on t he wei ght
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di scharge of hydrogen-can be achieved by reducing the hydrogen pressure.
In this 5ystErRhert ABaWRAf*ogen storage capacity is less than 1.5 w% The
advant ages of this type of netal alloy lie in the quick kinetics of

hydr ogerBchan gamtlasghaf geheandveheiymery good 30 density of the material s,
but the hydrogen storage capacity 1is unacceptable. M2N illustrates the

A2B typeé&ﬁb:@%&ﬁ&ly, metal-nitrogen-based or metallcoid-nitrogen-—

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.




alloy. This kind of netal alloy can store nore than 4 wt% of hydro but
suffers from hi gher operating tenperature 25 April 2006 3 @éﬁﬁv@2§@%C for
desorption, with an equilibriumhydrogen pressure of up to 1.0 bar), slow
hydrogen charge and discharge kinetics and relatively |ow density. Mre
recently, much effort has been nade on material engineering of these netal
alloys [3r 4], but no significant inprovenent has been nade. Furthernore
the high cost of the netal alloys is another drawback. Brief Summary of
the Invention Surprisingly, nmetal-ni{togen-based or netalloid-nitrogen-
based conpounds used in the present 1nvention exhibit renarkable hydrogen
st or age capaC|ty at lower tenperatures and/or pressures than prior art

syst ens. ITH $MAEH- eFRRfermic thRyEFORRNT stveagéons Fharsr dsbPEOVELE he
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a variety of ag plications, including ['i cafi ons nmentioned above. In a
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met al 1 oi d- ni trogen conpound further conprising a dopant is contacted with

‘a hydr of8MEBREAF NI Hy & ZCABSHREIE 2 Anfehpe riaidirgeBnr¢fIE® a hydr ogen

pressur eshivdh eBrinef M Hwirdydhogesbahisenpt ion. In a second aspect of the
present invention, there is provided a hydrogen reservoir containing a

net al - ogen conpound .or _a . nmetall oi d-nitrogen ound conhined with a
dopant t tg SHFEﬂp 5tH8d hYTrgGET sr 1REey l%ﬁ © pEamhry t4680r bed

hydr ogera RRbGirAgen| ré&&roir containing Li,NH, a Li-enriched lithium
imide, a ternary or higher nitride, or CazNH, 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.




3a In a third aspect of the present invention, there is provided a process
for reversibly absorbing hydrogen, wherein Li2NH, a Li-en?? &»88206& hi um
imde, a ternary or higher nitride based conpound or Ca2NH is contacted

wi th a hydrogen containing atnosphere, at a tenperature and under a
hydrogen pressure which permts hydrogen absorption. In a fourth aspect of
the presewbDoimsvBnti on, there is provided a hydrogerrcrge®ussr containing
Li2NH, a Li-enriched lithium im (fe a ternary or higher nitride, or Ca2NH,

that begrs or bed 0 i S i,n bsor bed hydrogen.
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Li - N-based soflid state
“in the form of a termary nitride or an 1m;de.

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™




15 materials may conprise Li-N, and Li-NH type structures.

Pref erredconpounds of these types are, for exanple, |ithiugdd Anril20@fe
(Li3N), lithiumamde (LiNH2) lithiumimde (Li2NH and Li 4NH) and
Li-enriched lithiumimde (Li MHn, 2<nx3, O<n<l|,-mtn=3). The lithium and
hydrogen atons in this 20 series of Li-enriched lithiumimde conpounds can
substitutwooz@eis4 ot her in the lattice, and this resuldrscizmosss! i ghtly
changed | atti ce This series of ¢ rrpound can be regarded as a solution of

Li and Hin t lattice i de. The. Ii mnl trogen-based
conpourRfETRESP ehr’:'h Rel W Qctal’]f Ii% Glalrg]ﬂ qﬁ%???@ lﬁl Um ni t r ogen- based
conpounti®oaeni eeedbout th: i H preferably have a Li- N to Li-H nolar ratio of
about 1000:1 to about 1:10. The netal -nitrogen-based conpounds may al so be
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et 3'37%& g&:g%lﬁgegg / 18 25%“&&9& ade x&shatt ERemRONedd gOBELY, 2006 WO

03/0 4 preferably have a netal to carbon nolar ratio of
about IOOODh mefaiboifroped. cumandni tThegerebtged ERPFGEnYS may al so be
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i ntroduction of one or nore additional elenents, for doping, into the

et al - nhdr daerhasgdesurer CrhélprGshePr & dopiit & #P8 Chel8FSor nmetal | oi d
el e”en;ﬁr Jrepm i f”tﬁ@&o@legezgé’rﬁ'ép§ré]§e9 ud3.cd,ant hani des and C, Si, Ge, P,
: , preferably, the doped el ementg are Be, My, Ca, B,
_ AI li Cx, Mn, Fe, Co, Ni, Cu, Zn, Pt and P The dopant can
pure 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 especially, 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.



10 G, M, Fe, Co, N, Cu, Zn, Pt and Pd. The dopant can be a pure netal
or pure netalloid, a mixture of metals or of netalloids 025£R§d#ﬁ%nd t hat
conprises one or nore nmetals or one or nore netalloids. Metal-nitrogen
based or netall oid-nitrogen-based conmpounds doped in the above 15 fashion
preferably have a netal -nitrogen based conpound or

met al | oi dwabsesogen- based to dopant nolar ratio of alrewisce2o39: 1 to about
1:1. The adm xture of dopants with a metal -nitrogen-based conmpound can

‘lead to SIC m xtures Qr,_ new co nds, 20 both of which are effective
f or thep%%\éﬁff% S PARY mate%g?f)tjin&ﬁfug?o#y%ragaé n“**PR*¥he application, the
term confpddas.is given a broad neaning, such as the result forned by a
uni on of elenents or parts especially, but not exclusively, a distinct
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definite proportion by wel articu preferred nmetal -nitrogen-based
or nmnet aillt@pdenmaa@genmm@a cﬁrﬁp@emﬂ@lmﬂemﬁﬁrmlm shicghler nitri des.

El emgnt s, i,n r h i EQ%% r C om the netal and
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Ge and tSrifer £aplef andbrylcival apide/dnide t faMHéealiHy. or higher nitrides are

selected from Li, Be, My, Ca, B, Al, Ti,C, M, Fe, Co, N, Cu and Zn. 25

Apri | 2&@1@::%&&(&%&7&&561Jﬁgﬂo“@ﬁ%g%’&%oﬁpeﬁﬁg @gdet ernary nitrides include
based ternary , nitrides. O her Er eferred netal -ni trogen based conpounds

'are calﬂuﬂ‘ﬁPlWFT’PJ&é’ﬁeBd%aﬁ&dCB‘?ﬁ?Sﬁ gg- T‘ﬁ?ecem‘ﬂﬁ’ﬁlﬁﬁ Jray conprise a Ca-N 5
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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




O her preferred netal -nitrogen-based conpounds are

al um ni um ni t rogen- based conpounds. The conpounds may conBbiApeil 2006A1N, or
Al -N-H type structure. Such conpounds 10 include alum niumnitride (ALN),

al um ni um anmoni a adducts and derivatives such as ALINH6, A1NH4, ALNH3 and
ALNH2. Ot her preferred netall oi d-nitrogen-based conpounds are
silicon-Nvbas®eiss gall i um Ni trogen_and ger mani um ni t rrege6o20baged conpounds.
Such conpounds include Si3N4, GaN/ and Ge3M4. 15 OfF the factors that govern
"the suitable conditions for absorption and desorption, tenperature and
hydr ogerenpesstiire isafeon mport 4HE. tatakdoyhef 0 Erpelitatiér es, hydrogen

absor pt. : Lclan rj r r hydrogen pressure,
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pr essurabsogptHmn Hiss grprisshonhde d@806F ey d/sti | IThenkydnpgen | n eit her case,
most of ,hudrogers £30 PEAeheAsedohr 9hRe. FalRL b MeR ygguum is applied.
Absor ptl on and desorption of hHydrogen I s hence dependent on tenperature
and Pt §°ac¥orﬁé%lpdﬁtﬁﬁengrﬁﬁmaé@éngrmmegs@urr@aét tomhoglii 1¥bABEm In a preferred
met hod ﬁ?é%d@édl)é@ﬁ@gﬁﬂngtb&m%ghbﬁé @i s I throhdd,0988- based or
met al | oi d-ni trogen-based conpounds may be exposed to a hydrogen-containing
at s pHRAsE1bRA| CHeTs 2RV Fabl i thpRES 0fSUEB Nt iRABht @ Tp&FEi cul arl y oxygen,
at a 3Q;derperst WanbiomabeuUt -50C to about 800C and a pressure from
about 0.01 nbar to about 500 bar. Mre preferably, the 25 April 2006 WO

03/ 037784 PCI[ SQ) 0254 t is f bout 0OC t, bout 700C. It i
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out 1pe R2RCrek1y) exhictdte RYErQGRRBrature 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)




pressure is nore preferably fromabout 1.0 nbar to about 200 5 bar, even
more preferably from 1.0 nbar to about 100 bar. The hydroééﬂﬁ@%ﬁ@@inlng
at nosphere conpri ses hydrogen, and possibly other gaseous constituents,
such as inert carriers gases, for exanple argon. Desorption of hydrogen
fromthe hydrogen storage material is 10 preferably achieved at a

t enper at uwe omd37B4 om about OC to ahout 800C under a lpediso@@mespr essure of
from about 10-8 mbar to about 108 bar. EEsorption may be assi sted by
passage ., Qver the sorhent aqf _a stream an_i gxanple ar gon.
15 I'n tHe" &€§%WF5P:BHN?¥HEﬂ{§rn$)dﬁ§%r tPsﬂW§% ﬁg sa P used in the
strict pchegud hircwsensRd as &mﬁegeghgmyh@q:mhdl lmesabsgr:mn on, in a
strict sense, b adsorpté stric sorption, in a

‘strict HehdAPRIPXIRRTHY ’n%f’Fo?‘l té’ftaﬁv\%a%rprfeﬁ?‘é% 6’1&1 H¥%e nmechani sns. 20

Addi t i onglelealAY 68 saRs RAVARLRARSMOf el ak I¥E Rl @D0 bt be set forth in
the description that follows, and in part will be apparent fromthe

deschi pt°Cémiror fray ib@ﬂl@amwtﬁswt@rmecet@#e tthe fivendion. These _
varlatha% géqjgoqikgggﬁg,P%tIQQHLQeéggﬁQQQ ?ﬁ f the invention. The objects

and ot Her vantages o] e invention e realised and attai ned by
the structure particularly pointed out in the witten description and

cl ai ms HHemenf2 Lispdpys dde REOWHp ehdbydrgeguriorbai BY ®astiihtion of the

Fi gur es;nd0 (i ai-8+d WitSPbays=17eRPRI &t Wellp Qfﬁgl&ammﬂqef@agﬁwn (TPR) spectra
of 1) Li3N 2 i 2. 2NHO. 8 3) Li3N-C (T Li 1/3 4) 25A§))a 2006 WD

03/ 0377@91338?1:%%@7%@0?%%01?@&&?%%% Hi'th tEFs ’iHePEi/ TBi3N-Ni with | Onmt %
of Mp. A0Uydrogen was applied.

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.




H2 + 80% Ar was used as carrier gas, the partial pressure for H2 is
approximately 1 bar, for-a total gas pressure of 5 bar. TeAfend20fe was
rai sed fromroomtenperature to 400C at 5 2C/ mn. The X-axis represents
tenperature (in C) and Y- axis is the intensity of the H decrease signal.
Figure 2 displays the amount of hydrogen absorbed by (a) LijN and (b)

Li SN#C wiwbho@sii+1/ 13 with tenperatures. The Y axi s pcpXpeemsesents t he
nolar ratio of H to the sorbent. 30 bars 10 of hydrogen was applied. Figure

3 di th t Pro (T t f 1
rydr oQdbED LI PLATN T R <oy b ingt Bl TA¥oRE0 o) Hydr ogenat ed
Li 3N- C dampliiesl/ S}&)p,les @nddydemtg&ragé&’ded_lc&ksl-lhs I-daﬂMabIaotptfiNhlzl H=1/2, 5)

Hydrog at ed, 15 Ni th | Absorption conditi ons:
Hydr ogen SSFREEH eﬂgﬁogpecmnt %Ondé'r Puv e% éﬁ rrgdf%ge he desorption was
det ect gd-eBpuheatd 50JC tfve abﬂw:l sangplas iandt 5@%9@ Sar-¥ain of purified Ar.

Mass Spect Q was used . .to. det &cl., th fof | ue ﬁ&c%s 20 Figure 4
di sp?ays rripfr% % Bec T30 l‘i“}“PH S |ne 8 rg) ? al't ﬂydrogenat ed Li 3N
(180C) ,Li(-&)yHFednhpj elsy dndd AN E0r CBNj-H aanipJ(Ed) partially dehydrogenated Li 3N
(after desorption in Ar at 450C). Peaks marked with * are Li 3N, those

mar ked i I e Ly2NHy apd those nmar ked
T it Pidhlety BBl e %f%’??;%’%f@?’ RN T oo i L or Gt 50%

H2 + gooh AW (33edThes deapritdongiias deteREed i BPBEEWsthand the parti al

pr essurgoar Jﬁ'?pl%sﬁpd}feoéhgﬁét%'eﬁmlop%fumkﬂe&'@ Rigsess, purified Ar
wasapplied as carrier Tenper at ure was raised fromroomtenperature

30
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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-bazsed 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



Figure 6 displays the recyclability of Li3N, Li2NH and Ca2NH sanpl es.

Sanpl es underwent repeated cycles of absorption- desorptiods Aisdaot i on
conditions: 30 bars of hydrogen pressure, 250C for Li-NH sanples and 500C
for Ca-N-H 5 sanple. Desorption conditions: Vacuum (10-2 nbar), 250C for

Li -N-H sanpl es and 550C for Ca-N-H sanple. Figure 7 displays the TPD

profiles whoxdszmk H (1), Ti-N-H (2 and Si-N-H (3). pEhecei@sny pti on was
detected by heating the above saﬂ’r?)l es in the gas streamof purified Ar.
Mass 10 Spectronetry was used to detect the effluent gases. Figure 8

di spl ay@a%ee 8RPfet RBS Of iRyMmyget<ab’ ctigt-i ok thdup| inideH and Ca- N-H sanpl es.

Hydr ogep, eSS & §Qy%’3~whlté &mer-ad %&sﬁ@ﬁc@bs@ﬁ@tde%th@ for Li-NH
sanpl es and SOOCTg N-H sanple. 15 Detailed Description of the

| nvent i BFPURIY i He%/fféana% Wy he negtebdeple diodekdre-eakbiidimpet ween a  net al

or a mef@ldeoi( ﬂlﬁ#{%q o ta'fl.QQei‘ g&%? ~{&lunitRes@bRamBL, usedpagan be any metal or
nmetal |l oi d that nmbi ne W nitrogen-containing noiety to forma

conpurdPRsH&Y @F 11 1@095[‘)]36’1“5‘ h?&%g@ﬁta%e taaatistiEe ettt PE preferably

sel ect eghedd eBhpouRIskatd dBRIalc{£.19 abhihipa@ (Li), sodium (Na), potassium
(K) or cesium(Cs)), an alkaline earth netal (e.g. beryllium(Be),

nmagnesi calciu alumnum (Al), a netalloid (e.g. bor on’
(B), #rgil\é%)eée%to%rge 1%5[,(@%5' tion metal (e.g. titanium (Ti), Nickel
(N), Cobalt (Co), Copper (Cu), Chromium (Cr), lron (Fe), nolybdenum
(Nb) ZThec hy@npyen Mbsvrpriohepfblithivhenitatide vwas [lnvedtigated calciumor Al,

O L1~ hop adugh (810296 y0imBh- RARRI oL GFAGTY ni Nl ifSragd L1 0T um ni tri de

ored conpound as a densit bout 1.27 g/m, it
decdfpagrss (0%t Bnpep @i @srr@sthe partial pressure of H2 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 (LiNHz) 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




25 April 2006 WO 03/037784 10 PCT/ SG02/ 00254 above 800C, and it is unstable
inair. Lithiuminmde (Li2NH) is a gray-to-white col ored S6BqrdAeRs The
density is around 1.1 g/m, and it is unstable to noisture. Lithium am de
(LiNH2) is also a gray-to-white substance. It has a 5 density of 1.18 g/m
and it is unstable to noisture. Al of these conpounds are commercially
avai | abl ewobldvrmegen Storage in Lig The hydrogen absotrgtaemnsof [ithium
nitride was investigated by Tenperature-Programed-Reaction(TPR). Diluted
hydrogen 10 gas (20% H2 + 80% Ar, the partial pressure of H2 is around 1.0
bar) wakithads EEMBHULH FPorraRt ChnpP A8 C el SYEPEIFINGHpSIat ures. On-1ine

‘Gas Chrpipd QEkapYdChy) Bk VRS SreatRESAy ONBLry (MS) were used to monitor
t he change of hydrogen content in the effI uent gas during the test. Figure

15 1-1 displays the TPR test resul ts ce?g be seen that hydrogen
absor ption by Ll%’NNb'Eg%Hﬁs'" F%ﬁe?ﬁ%}hre } about 150C and peaks at
270C, which denonstrates that Li 3N has the capability to store hydrogen.

Mkl auz &@as vagposieed &6]ten@@raMﬂesamaweMmahs:m0°61 ©¥81l (1910).) that the
reactl on 20 between Li 3N and dr %%en takﬁg | ace gi a tenﬁgr ature from
220C3t I HEFESRFE HL 1t ﬁ@ef%ﬁaﬁﬁﬂ% IPRRP L S REHEe e N K1 Y S 8 path is similar

t 0 what o @Rgeby ejuebud ﬂmeeffafﬂoelfamysxﬁsmlds p:rresagbr e wWanges: utilized are
differe

th ding th tion 25
i o ot i ebet (7L PStan BroRty RetRhliEhe B AT st or age. ang.

littl e hythestidgat iiqr. Oiadingeat QN st ton UEnaxtoundtM%, rdacti on since 1911.
Furthernore, rare attenti on has eenﬁf)ald to the reversed reaction,

becauseSTarHiBoEFIPSEABNE TORaFcaTtRP UMt anf e 39 NEe) SW Pt ddconpose t o
l'i t houmd d@efore 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 eize 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.



30 and ammoni a at hi gher tenperatures. According to Georges' statenent
"(Berichte d. D. Chem Gesellschaft , 44, 502 (1911), amo@dbapmdg00E| eased
fromthe m xture of LiNH2 and 25 April 2006 WD 03/037784 11 PCT/ S22/ 00254
LiH at tenperature above 340C to 480C. Surprisingly, we have discovered by
TPR that reaction: Li3N + 2H2 ---> LiNH2 + 2LiH (1) can take place at

t enper at lwessfdsm\er t han 220C. The 5 difference in therseRnizng tenperature
between Mkl auz's and ours may bé%due to the effect of inpurities in Li3N
“We have found that in sanples highly contam nated bg OXI des or

hydr oxi &% ToveEse iy Fhg Zeastare ;b isdyebtomardindt €09¢Pt he starting

tenper a&éﬁ&pftﬂbn r@ﬁ@w%ge(nl)frbﬂcmﬁa@e@d 0i 800G hibirdde,i &aﬁhﬁé’ efore
preferre t hat the absorbent shall not. be _coptam nat ed wi t h ot her

mat er i af$ieyRd RhAerCoRBRE HopuPT te BRLSHAedti® SO F & Erabl y at | east

95% or fmrg%eut Theec ofzch%oﬂp%%aba liJdreged NAles8YPL adiint 8oyl SCrepancy may
lie in e pressure of used and the crystalinity of Li3N. W 15 noticed

t hat “at 1@" et OPpbast. es@ﬂr‘ées’freéiaéi’lWpﬁﬁtlé%l?ﬁégrwdred out at relatively
| over t gaRanRL b e(1the! PUMAR0CH ARfirevsld) Lh3M-baw REsaabhi cle size of

less than 1 mcron, the reaction also takes place at |ower tenperatures.
It is beainsfote me@peraﬂed:et ofuseovad ABEEr pethtreichsfatnel)°di vi ded 20 form

pr ef er aply d%fso &ﬁ%&h%%ﬁ%gl &feéf&@ﬂ %5 %11?&&’?1 nre#c;]tﬁf ftably less than

10 m crons, era m cr goretically, with

al I Li3N convertl ng to am de and hydr i de about 11.5 wt % of hydrogen can
be st or B TheLdfles ‘Lﬁé’lﬁwncérrb‘b@'i)t/%h*l EstHeéikh meadd ements confirmthis

prediction (see Figure 2-a). The vertical axis (X) refers to the nolar
10 (2<m<3, 0<n<1, 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°




rati o of absorbed H atomto Li3N nolecule. FromFigure 2, it can be seen
that X could reach up to 3.5 at tenperature of about 250C25vkirdR00&
equivalent to 10 wt % of H2. As 30 contamination is difficult to avoid,
contam nants (for exanple lithium oxide and hydroxi de) nmay occupy a
certain anount of the sanple weight, thus, X can be less .than 4.0. 25
April 20060WX0B4037784 12 PCT/ SGST%/ 00254 The rever sEm8Goddassr eact i on of
equation (1), i.e. the desorptior“of hydrogen fromLi NH2 and |ithium

hydri de, can bhe _—achieved by deconpositiqn,of the material at a tenperature
(7 om abGEEPTE0ELS" GHTEIERE o HaFDoBh BekSur o OF FBHSIBBUENS 10-5 (- 100

bar. As ghapi&dibyr TRRbALHE -’ MRS - pdRS0rRTdANnG TRP) (shown in Figure
3-2), hydrogen desorption begins at a tenperature of around 150C and peaks

at 270Critirhen gadge pisdkRYET ceh these cordared ot RétEBIMowi ng reaction: Li NH2
+ 2Li H enxzchdd Ml de ddeldpdti righds Mahl H f19 n38réderd chlrgd_<1, mtn=3) The
val ue_ of the variables mand n depends on the tenperature and pressure
durimy GRE FEEERPER OHLISESERRE tALS H3s6WoHre®erEI®risasHPHh t enperature, m
is closah FOqeagd-n is closer to 0. LiNH with 2<nx3, O<n<l, m¥n=3, is a
novel 15 conpound. It has a structure simlar to that of lithium imde,

Li 2NH, RS Qgtr}j ar grfac%thPt]&r ed cubic and have closed lattice constants.
Ve ref er 76 e “LI AT conpbuhd as a Li- enriched imde, for which sone of
the Hsites are taken over by Li within the nornmal imde lattice. The
over al | Thythogersont digegelemd adinee meageipn dedyser IsialHbendescri bed as:

Li 3N + H%diégéﬁ hEQ*ﬁ%mbn§££$iéd'ta*ﬁ%'a'%ohkéﬂﬁé} 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 1072 to about 500 bar:

LipgNH, + (m-1)H ¢ 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



(2_<x<_3, 0< n:91, mn=3) (3) In situ X-ray Diffraction (XRD) was used to
~measure the phase transition during hydrogen absorption agf Atwd@P®ii on 25
process of a Li3N sanple. As shown in Figure 4, before hydrogen
absorption, only strong diffraction peaks assigned to Li3N and weak peaks
to Li 20 and Li OH are observed (Figure 4a). As hydrogen absorption began,

t he Li 3N whage7Becane weakened a:P finally vani sheccansdoxomss ami de and
~hydri de 30 phases situated at approxi mately 30.5,51, 38, 44, 25 April 2006
WD 03/037784 13 PCT/ /00254 respectively, devel oped (Figure 4b and 4c).
On heat FIf§~ Hesghoé"e?nﬁﬁ%i dKPIER ﬁﬁsﬁﬁ@?’ébﬁdo%ﬁ)%em?ﬁ’é P¥8ks bel onging to

li t hi umyaindesoveakedgrbagizdat hasRtassiognedried debbititin eariched im de
devel oped (Figure 4d). The hydrogen charge 5 and di scharge kinetics of this
cl ass OFYEGABBUrdS ¥ sSERhIWTET PR TRGhier €T (A drg8RS Rorage in Li MHn I n

the preéﬁ:g)%égw@gkeﬁnd a oW L RAGLLAN Retygan JsihsiNHR .antby hydrogen was

denonstr to be a route for reversible 10 hydrogen storage. LimMNHn, when
m=2 &ndreetilisishowiie inofymire Br2hi ufhe mdtirogken helfaggaudnd of Li 2NH. Wen '

2<mm3, %ﬁéﬁ%r%e [ﬂi%ét ii_]cyc@\ﬂﬂhigaéla%ssgf USitbingd Ms! @hod:0 thhat of 1ithium

imde, LI 2NH bu a constrained latticCe. This conpound 1is again
- referrebiausead- Li -enriched imide. The reaction 15 occurs when Li nNHnh reacts
wi th hydrogen gas at a tenperatures from about OC to about 600C and under

a hydr ogen-cgeessild@gef 1omialiopt sylded to about 500 bar: LinmNHh + (m1)H2 4
LiNH2 + (m1)LiH (4) (2<nx3, 0<n<l, mn=3)

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.




20 The reaction can go in either direction, depending on the tenperature
“and hydrogen pressure. At a tenperature in the range from2abiqutl260€ t o
about 400C and a hydrogen pressure from about 10-2 nbar to about 500 bar,
Li mMNHn reacts with hydrogen and fornms |ithiumam de and |ithium hydride.
When 25 the tenperature is raised above about 50 C and under inert gas

at nospherweoesosmsder hydr ogen pres]ts:_hure from about 10-TBeaseis®o about 500
bar, lithiumanm de reacts with lithiumhydride and fornms LinNHn, with
hydr ogen. gas, bei.ng _l.i.berated. -The, hydr rage. city for LiNH is
nor e thg%%@raf%?gagg%‘gntcﬁ %g‘eolnﬁt%ﬁgmv%r}sﬁ'%ggfg}‘mocggd?h&q‘%ﬁe TPR result of
hydr ogemigtriogen €fa deidmixbinpdignds htiwn reacEH guibetd¢d) thewhi-¢h 25 April 2006 WO
03/ 037784 .14 PCT, 2,002 rly o] is absorbed at a

t enper aIFluXrtélreaar%%Jﬁlﬁ gﬁ?f%%% %%%%s? da?ggg%ﬁtt g%@&@%e%@sor ption of

hydr ogedbouic. €2¢ tbhebs &y @nser aast isonietoded) prosoufes fadm & .1t enper at ur e
around 150C and peaks at about 280C (see TPD 5 results shown in Figure
3-2) 2 T f§d? 10RaPYe and discharge kinetics of this class of
conpounds is shown in Figure 8 Hydrogen Storage in Li-NC System A Li-N-C
mat er i alydragebealproepaied by LétNiesysboar oaghby ab®ipved fy certai n amount of
car bon tecjal, into lithi I e ing the mxture
W th ni %T;&gg’é{r’lggtahse g"(r'% Ilt%y(E hd(flﬁglé{(;:qﬁ 3°ma>%5%§8§iﬁl‘?°§hﬁ‘%ﬁeeﬁ%ggn- based conpound
such asternlpetiture Rift Frole aouti AN wi Bhoclrdd®AC dkiercar bon material . can

be o SRS Oh e SN, 35 0BLEPLISLE0SR 4 car bon nanof bers,
10 The TPR measurement of Li-N-C system with C/Li = 1/30 is
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.




carbon powder, etc. The Cto Li nolar ratio is preferably in the range of
3/1 to 1/10000, nore preferably in the range of 1/1 to 1/ 250%pril$ABO ni xi ng

of carbon materials with Jlithiumnetal, lithiumnitride or LinMNHh nay be
achieved in 20 any manner. A variety of nmethods are avail able, such as
grinding or pounding with a nortar and pestle or mlling in a mll, for
exanpl e, WObHBY784ri | [ . A high-energy ball mll is swcwsaoaedsd that contains

spherical objects inside of the mll that have a high frequency of

“vibrati t.d.an .Poundj,ng. qf certaj f- carbon into
it hi umg%edtiaagn%?‘;@l#ht%hFﬁ%nécﬁio?rgi A g"?oﬂ?\]eggyﬁﬁf %rfessi ng under
i nert obiH dist LogesrEdnoSivhameuah dfahydreesrpéhat vae Peom about OC to about

400C_0rd$96£%ghlafg lﬂn@QegﬁﬁQonH g%htgﬁ pQﬁo#ifﬂqh'Dﬁ—Liﬁ:ride under inert
or nitrogen atnosphere are particularly 30 preferred methods on a bench
scal e. ffstengmiy b afchiantd byderresingi Lithdif ke dweéregemas honogeneous as

POSSIdl £, 23,8011 2000, 410031037784 45 FC SE02/ 00254, LT carbon | 5 added

to the umins e i'um nitrogéen-based conmpound, the

reacti ogo@eet Wekr haylitoden prodsuire 8fdh RbbLOJET inbacatd ispdueut at
tenperature from_ about OC to about 800C under a ni trogez génessure fromO.1
5 bar tothbaar 1B AR MR SYRH é’SsB%b‘YTCoﬁYFEe‘EiW-lRPd‘J@‘ } may be

achi eved I iex@osimdnt hegdre- N-4C c orpowphdgenaatysdpegan at nosphere at a
tenperature of from about -50C to about 600C under a h¥drogen pressure

from abRRALNE0Y FifErresGuETBOT! BATC apd WRRKSTRR dRafurefént of Li-N-C
CEYSLm d ge%i-gstfox}/o%%ﬁmgéﬂ%ibnaﬁ SR e e TSI dbgeen absorption

begi ns
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.




“tenperature of around 50C and peaks at about 250C. Under the f]ow of
purified Ar, the desorption of the material after hydrogeRSénsd38@5 begi ns
at a tenperature around 100C 15 and peaks at about 270C as denonstrated by
TPD neasurenent (Figure 3-3). The total hydrogen storage capacity of the
Li - N-C system was neasured by Pressure-Conposition-Isotherm (PCl)

t echni quewoABsgigowWn in Figure 3-3;7 the Li-N C sanpl ecrgcedwosiLi = 1/ 30 can
qui ckly absorb hydrogen at a 20 tenperature of about 180C and a hydrogen

pr essurl%c&fo Q‘poégsor Qicg‘?ri Q@a]r ! ﬂe@éll@.{qr 8854 @E_Qﬁssy%%'ém”_ol eC_L”.e of
nmet al - rggen conpound FX can reach approxinately 3.0, which is

equi valman beoacipinvedi atexpgsmawtel % oreddlhgdl-dgend Mydlr 58en Storage in
Li -N-Li H.system 25 The Li-N-LjiH ' n redoby, t hor oughly

m Xxi ng a Iﬁ’éﬁlc’%?n La?ﬁﬁlls—ﬁh%et AT ﬁe%%ggtl %orf %ﬂ%&lﬁgﬁo%@i €< tnc‘;ol ar ratio is
pref er aflgntl Botdteuhddwa aloaheut piO&uke grabatbul/ 102 tthe m xing of these
two conpounds. can be carried out bé any _suitable neans, such as ball

mi || Pn@Rtpelhidiatry whish TERIBLIBIEIPGRE pésiT GH8ET™ i%Heért gas at nosphere.
25 Aprili.RO06 00038/ D3 ER8dn 1t RCFASE0R/500204de Agaosgimg to the reactions (2)
and (3), as the quantity of LiHis increased, the ampunt of hydrogen that
can be akfesgEbenl beodns i dic rebemrerayige Rfe R raBBd KT AP ReBFEN-Li H system

may be [ e Si I N L ] nosphere at a
t enpera u:yleagﬁd%%(r:ﬁ 21@%&1@%&1%\% %ﬁoﬁdﬁrgé%g%gggﬁ%rﬂa hydr ogen pressure
f r om abgiipelft2raar &eoumdoud0°c50andareakihet TRparaisieement of .Li-N-C
systemwith Li3NLiH = 1/2 is shown in Figure 1-4. The hydrogen absorption
begilfls aouadt 24HEr ardird 0 dghavs o dddupeakslat about 250C. 10 The
desorption of hydrogen begin at tenperature around 100C,

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.




“and peaked around 270C (shown in Figure 3-4). Hydrogen Storage in netal
doped Li-N Systemin this enbodi ment, the Li-N conpound i sZ2fediril 2886 by one
orr nore doping netals. Several ways can be used for doping 15 netal into
Li 3N or LimNHn including high energy ball-mlling or calcination.

Cal cination entails heating the m xture of a netal, or of its conpounds,
~and Li newalbdgrger nitrogen atnogphere at tenperat wa@@sGozmIitng from room
tenperature to 1500C, under gas pressure of fromO.1 bar to 500 bar. 20

Col o ol 00 £3" 81 50 00 AT FLEl AHabl BERLEG,2 i f | 2 metal, or o

its co er an nert gas or nitrogen
at msphexwmgtmm@ydeanm dg{drbgmnart@@ﬁphéen@p@ﬁ‘-a@ure to 1500C, under

gas pressure of _fro 1 .bar 0 Da i.s selected from at
| east o %“peﬁ‘%%?acf{ngﬁ:o%atbaul 0|§0f§ gma?"r?‘elt g cgleFaBI e groups 1 to 13,
and | anhjerigdesprdssuSe, £ aBpud, 105 mBar Foamduﬁl 500Mbae. preferably, the
dopant is selected fromBe, My, Ca, B, AI, Ti, G, M, Fe, Co, N, Cu, Zn,

e 230 e Ten oA ga&ru%%upgpvoiﬁ%gre?ﬁ Bst$éynn}n§f§af qunds for exanple

oxXl| nitrides, organonetallic compoun tc). The nol ar
ratio okitl 3Msbem dneHa t@rmﬁathapf ofimidpn| ¢@ipdsEbiEs from 1000/ 1 to

/L. 25 A LaA00R.YO0HORLRM, 11 RCTL 00254 ki agen absorpiion in

nmetal or netallold dope system nmay be achi eved by exposing netal or
met al | orekad@gedn Llilnqnafléed éaﬁyaﬁ%g@ﬁuﬁmdﬁeﬁe dpNahase@per at ure of from

about - BOG JRa@boutt 16Q0G MRGEEe A HHIEQASIHRN BSAULE STm about 10-2 to

10 hexagonal, possibly with a light lattice expansion or
contraction). In a ternary nitride, there is 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




5 about 500 bar. The TPR neasurenent of Li-N-N systemwith Li3NN = 10/1
is shown in Figure 1-5. The hydrogen absorption begins at 25 AmsHpedat ure of
around 50C and peaks at about 230C. The desorption of hydrogen begins at
tenperatures of around 100C, and peaks at tenperatures of 10 around 220C
and 270C (shown in Figure 3-5). Hydrogen Storage in ternary nitride System
Ternary nwooes4s preferably |i th %Jm ternary nitri dePCiscd#opess (where Mi s
the second netal in the ternary nitride) can be wused as materials for
hydrogen sto éel ec e 15 fro?%cg,gy t al ;Or met al | oi d el ement

M can
in per”b?:lm?r?igF% adioBﬁﬂsg)SOl %ﬁﬂuﬁ‘&n 9% Ge and Sn. More
pref eraiaigvurelvh Cafhebﬁy&ﬁ&nﬁht eﬂafg@ranaedlmarga kiBetdbs o, O, M, Fe, Co,
Ni, nd Zn. naternar tal nitride is also
possi bI 1ig (’frla§§a 15 mE‘?‘%F%CbRIZS Wy The" W Pxture of lithiumnitrides with
another metal or netalloid can be pursued by high energy ball-mlling of

Li 3N witdragenektetaged hetdl-NoH seitamlsoi d under nitrogen atnosphere, or by
~calcinationofmxtures of Li3N and the selected netal or netall oid under

ni tr ggep, A JRAPLE] & eatefardi® eé@éﬂérde§n of1 LM YRQnt @ 1500C under nitrogen
pressure fromO.1 nbar to 500 bar. Calcination can also be carried out by

~ heati ngté_mpeMat\Amcif ifsom heB 0 xtau7T€0Wr umdemltyideogdn trieaaneneft he sel ect ed
metal o abhold, . d nj tenperatures of from 30
to 1500%3%3 er aléﬁl 6%& %&z%%%?ﬁ%%&??%%%% nbar to 500 bar. 25
Apri | MdgemwlmRM$mmm¢mzaGMeww@geﬁ EMDrpti on in ternary
nitride b hi eved ternar n|tr| esy to hydr ogen
at m)sphi(}ogag? iooaisérﬁ?gr 8{:5?%117819 BB‘E& (Sfiorflo 2b8BET 600C under a
10 200 bars. Al-N-H systems 1nclude aluminium nitride (ALN),
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°C. | | _




hydr ogen pressure from about 10-2 nbar to about 500 bar. 5 There usually is
a structural difference between nmetal doped Li-N system agdé April@pfary
nitride of simlar conpositions. After addition of the dopant, the
base-nitride normally retains an unchanged lattice structure (i.e. Li3N
has a hexagonal lattice structure, and Ca-doped Li3N is also 10 hexagonal ,
possi bl y WP0H3E84 i ght | attice expansion or contracthCeisi02/01s4a ternary
nitride, there is always absolut® structural changes (i.e. LiCaN is of

anti-flyorite |attice, structure rogen Storage in Ca-N System 15
Cal ci untHti¥PPae’ (€48RY" frﬁfd%i e (gél_%%‘ﬁ% can be used as hydrogen storage

materials. Both materials are coomercially .available. According to the
f ol | owi iginogast vaonSouh 3N be D IOadNpY SN0 aR Cgpperatares (3) 4 CaNH +CaHz

(6) 20 dr a ption in . Ca-N system my he,achieved exposi ng
Ca3N2 © %g%ﬁr{t"ogﬁ%r Bﬁ‘gerf gtv%%%%?éeg?urae Q%e?rb%fé‘?’ ﬁrre“e%fstb}sr om about 100C
t o aboular’ 00Essifabnaccdidr R8s sutfe rhhgd akauR040+3d nbar to about 500
bar. The desorption of hydrogen from hydrogenated Ca-N-H materials 25

begi As HO0°ECenfParaeul evrvend 200 the BOMEraftks dfyydeeaenagedssure from 0. 01
nmbar t -3g0 bar. The TPR measurenent of Ca3N2 and Ca2NH were shown in
Fi gure 5. The hydrogen absorption (with hydrogen pressure - 1.0 bar)

begins at a tenperature around 250C and peaks at about 550C. The 30
desor ptThsh NEACPERT SGERFTHT PEFTFIRed PO CEBYDFeAs RA™W5 April 2006

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




“WD 03/ 037784 19 PCT/ S&2/ 00254 tenperature around 350C, peaked around 550C
(shown in Figure 6. The hydrogen charge and di scharge ki n@biAgsil@006 t hi s
class of compounds is shown in Figure 8. Hydrogen storage in Al -NH systens
5 Hydrogen can be reversibly stored in Al-N-H system at tenperature of
from-80C to 700C under hydrogen pressure of fromO0.01 nbar to 40 bar.
Hydr ogen wesumpisd on from hydroge%]]gt ed Al -N-H syst emncosGurssat tenperature
of from - SOC to 8000 and at hyd 'gen pressures of from10-8 nbar to 10
200 bar t lOIl o % .'.LI‘lVi % dE@ e tletefx d?:‘l eAl%EI\Q al Um nl um

hydri de- ml k4 aé‘d T AN e r e(ﬂle]r:iil |ves Stich ATRFG, - ALNHA, ALNH3
and All\tbdﬁlduldyeht aggarstionidge conditiNnd usestenvial. foI I ow t he processes of:
AIN + "2 ) AINH2 + H2 p ALINHm+ H2 | AINH6 m= 3 or 4 15 Figure 7, curve 1,

shows the Tegperat ure- Programed- Desorption spectrum of one of the
hydroge‘na‘rég—Al -N-H sanple, as can be seen, the hydrogen desorption begins

at tenperature just above, or even below, roomtenperature. In the whole
t est i ng@fﬁlﬁl&c&ithere i s continuous hydrogen 20 desorption (tenperature
ranges fromroomtenperature to 600C). Hydrogen storage in Ti-NH systens
Ti t adi LmnmigﬁcaﬁxdﬁaNTwa\@(pumhmm xhdepeinde oall e prepagsatreen net hods, was

f ound to, b% a ion sorg @ﬁbatnte%glt ére eZS from 25C to 700C under
hydrogen 8% ure i P YREPI b PEF DI y, the value for x
is 0. 3<vapabtityivgusr éeﬂermnme\ﬂebi irgrobecif@D4D elad 1 roek bydtmrnogenat ed titanium
nitride, sanple. can be seen that hydrogen desqrption begins at
into the samp&e cell, w lCh was prel‘}/ ateg to 300 p After Zg
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




“tenperature bel ow 100C and peaks around 200C, 300C, and 30 400C. 25 April
2006 WO 03/ 037784 20 PCT/ SG2/ 00254 Hydrogen storage in Si 2NApsid@d06syst ens
Hydrogen was found to be absorbed by Si3N4 at tenperatures of fromOC to
600C under hydrogen pressure of 0.01 nbar to 500 bar. Desorption occurs at
tenperature range from20C to 5 800C. Figure 7 curve 3 is the TPD profile
of hydrogemesoatis4 Si 3NA. The hydrogen sorbents descrirbwdcralbese can be used
in any circunstances where hydrogen supply is needed. A preferred

appl i cat] of the sorben dro en e Joirs. .1 plications for
t hese r%%g’ry\%i’?%naﬂaé A ?ﬁe‘ﬁo qnmd g&%ﬁ bR %y@fogen storage in
hydr oget %@Egyy(ﬂfdg\éﬂnwafﬁmgﬁgﬁd,es, shi ps, aircraft, mssile etc...

Anot her possible application for the sorbents is in a hydrogen fuel cell

wher e, or €xa | e, the sorbents described above can supply 15 the H2. In
addi ti o%r—"ﬁig—ﬂ}; drogen absorption and desorption reactions described above

can be used to transport energy. A hydrogen reservoir may conprise a
cont ai ner9 war ehritidhhem iidesershent imted a RCE heampAgertlilon. The cont ai ner

prefer ably ¢nlfaL AR tJTRLE LI grétls@&m@eam dedd¥gpblghess of hydrogen 20
during hydrogen absorption and that permt the egress of hydrogen during

hydr ogebzaieder pit |mepfh’dla¢onnaaut@tsoehrt€adpgmatm0d gPifgl eaport with a
reversi blg valysid & BEL TS nbatddinfas | HHEREA AN B EeSE of the

hydr ogen: % person Skl | ed art have 't edge and
traini nlgycmsngsabvaes e r 28rek by neontbime rdief oampilse tasl hly dbdyen reservoirs.

at 300°C for 3 hours. The desorbed hydrogen was measured by

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 hydrogen was ~ 4. 4wt9

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.




"The docunents cited or referred to in the above discussion are hereby
i ncorporated by reference. The follow ng specific exanpl es28rdprd280¢ ded t o
illustrate the invention. It will be understood, however, that the 30
specific details given in each sanpl e have been selected for purpose of
illustration and are not to be construed as a 25 April 2006 WD 03/037784 21
PCT/ S22/ 9025®71sem t at i on on the [nvention. CGeneral | BcT/sGhoosstperi nents were
conducted under simlar condition% unless noted. Exanples Exanple 1: 5 0.8
gran1Li§N was gyt into the sanple cell of a Pressure- Conposition-Isotherm
(PCl) ufiff™®-fhe’ hydrogen storage capacity was deternined by introduci ng 40
bar of hydrogen into the sanple cell, which was preheated to 300C. After 2
hours 080 atgs of phitbwasabduixetl, Bl G56f mdydr dgehiwasibbisier bed. 10 Desorption
was per uaft i he I ; a tenperature of
P ﬂ&l&o@%ge&ysﬁél/_%% g‘géﬁ%ﬂe ﬁgegn%%f%%r%mgg Eg.ﬁ:l :Lngcpaar pel mp

350C for hour s. nount of hydriogen was neasured by

- re- absosptrlenceil apdr agerntogpaBOB@sanementders 3thepadord atydr ogen for 2 hour.
About. 5,5...Wm % of hydrogen was r.e-absor.bed i ch means f.,hat, about 5.5 15
w5 G Re o R ao R P SR 0 Ui 5 1T G A Bohi te s
adm xedg witeh o850y dibgeh Vad hibubrwet.al on akJeBDEE RROESIY, asoqrassi bl e. The

m xture was then exposed to nitrogen gas at roomtenperature for 3 hours
to fornfe 26 BioRNNELIAM &350TS 5555 of the Li-N-C sanple was put into a
PCl sanple cell and an autosoak neasurenent was then done at

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 ddped 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



180C under a hydrogen pressure of 40 bar for 3 hours. About 7 w % of

hydr ogen was absorbed. On desorbing at 350C, about 3.5 wt 2%Acfil BYefr ogen
was rel eased. 25 Exanple 3: 60 ng of carbon nanotubes were admi xed into 1.1
gramof Ilithium then the' sane procedure as Exanple 1 was foll owed
except, using an autosoak tenperature of 250C. About 9 W% 25 April 2006 WO
03/ 037784wQ@ 83/BCH SED2/ 00254 of hyg{ ogen was absor bedcr@uoxbesor bi ng at 300C,
about 4.5 w % of- hydrogen was refeased. Exanple 4: 0.9 gramof |ithium
imde was put jntq.a PCl__sanple cell 5 apd en_subnmitted . to the sane

pr ocednf%rr%’:?ydéjszc&flﬁé ﬁaﬁ“p%an@loem‘i,é%%&égﬁl% at ® Liﬁu’f'%%c%? t enperat ure of
200C wasntai®ed. sapawt c6l MLidofoiydiedgeie wameapsordiade d3esorpti on of

hydr ogen was rf orJred evacuat i the sample to Q. ar at 300C for 3
hours. g%secrégggrlb%ﬁxﬁ%f%gleﬁx\%%‘gt ﬁ@ggu‘? gtc?nﬁ’)? Tburreef’gbéss'odr%ti on of hydrogen
at 200Gvamdel.ebyet . og@hopt esdut e of hy8bodrar wheral@drbad sandAbout 5.5 wt % of
hydr qge S . £-.Aab bed. Exanpl.e 5;: 0.5g, of al um ni um doped Li 3N (Al/Li 3N
21 70) HAT BuP RS BV IGIBC -k ke FRY I hen

Pressur e- Conposition-1sotherm (PCl) neasurenents were taken at 200C. PCl
measur enent was done by introducing an aliquot of H2 into the sanple cell
step-by- step until the hydrogen pressure reached 70 bar, in the

nﬁanV\hi f&t_h%@laﬁ.@!gi@llieﬁgil% flﬂmeaﬁﬁblﬁtitf)?shtﬁdfcjéi@iﬁ?o@bﬁﬁitf)@ﬂuby 20 tge matgr: al ;
t hen renpvin rogen fromthe cell B gradua till, pressure drops bel ow
0. 03 ba?i?ar’é‘ﬁg'c%? SPFHY S ﬁ@d-%ﬁﬁ%g‘b? C&@s%‘%/ B‘?d’eh%‘gﬁf’g%n. ~ 8wt % of

hydr ogeflepd@®ing from the spirit and scope of the present invention

10 as claimed in the following claims.




absorbed. The desorbed hydrogen was ~ 4.4wt % Exanple 6: 25 500ng of Ca3N2
was introduced into a PCl sanple cell and Pressure- Conposi2fiApm 28¢G her m

- measurenments were taken at 550 C. Conditions for neasurenent are simlar

to those described in Exanple 5. ~ 4wt % of hydrogen was absorbed and ~

2wm % of hydrogen was rel eased. 25 April 2006 WD 031037784 23

PCT/ SG02/ w0287k anpl e 7: 80 ngy o Li H was adm xed wicrlsc@®m02sag of |ithium

nitride as honogeneously as possHS) The m xture was put into a PCl

~sanple gell and an aut osoak nmeasur errent was then done at 5 250C under a

hydr oger—pressure of 40 bar for 3 hours. About 8 wt % of hydrogen was

absorbed. On desorbing at 300C, about 4.2 wt % of hydrogen was rel eased.
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bal I - m LiAgiThe PR pANdudd 3NEP@MSRYen! aﬁdl&ﬂyaua&e&aiﬂvgf the titanium
doped Li 3N was put into a PCl sanple cell, and

Pr essur 8¢eh3F85%i ?%%r?‘!dsgi’ﬁ‘&dmtfﬁﬁljuﬁéééa?eﬁ’bnfvs ?/ﬁ%‘rle Edsken at 200C. PCI

neasu engsin Wascdonesdiy, | I PdYei NG 9B , ath4ot 70f1 H2 into the sanple cell
step-by-step until the 15 hydrogen pressure reached 40 bar, in the

meanwhi e, cal cul atj, he_ anount. of hy en_absor bed by the mat eri al ;
t hen re%rovi ng hy‘hro%&%‘:%‘r o ?%gcla@ V{;rg‘ali‘}%ﬁw °t9%4" pressure drops bel ow
0. 03 baFisdnrd eadcil atiichgrt.hdyanoyer asf aﬁleam:dggdcaﬂfxy.dtoge.n About 7wt % of
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10 hours to prepare a ternary LiCaN sanple. 700 ng of the Li-Ca-N sanple
was put into a PCl sanple cell and followed 25 the sane pr 86egul 2066
described in Exanple 1, except that a tenperature of 250C was sel ected
About 3. 0w % of hydrogen was absorbed and about |.Oat % of hydrogen can be
recycled. Exanple 10 Li3N and N in a nolar ratio of 83 were ball mlled
for 10 30 hours and then calcinated at 780C for 24 hours to prepare a 25
April 2006 WO 03/037784 24 PCT/ S@2/ 00254 ternary Li2.4Ni 0.3N sanple. 500
mg of Li2,4Ni 0.3N sanple was put into PCl sanple cell and followed the
sanme procedure as described in Exanple 1 except that a tenperature of 250C
was sel ected. About 6.0w % of hydro@én was absorbed and 5 about 3. 0wt % of
hydr ogen can be recycled. To those skilled in the art, it is understood
that many Glmimges, nodifications and variations can be made wi t hout
departing fromthe spirit and scope of the present invention 10 as clai ned
inthe following clains. 25 April 2006 WD 03/037784 25 PCT/ SQ02/ 00254

Ref erences: 1. H Buchner, P. Pelloux-Gervais, M Millar, F. Gafwallner
and P. Luger. Hydrogen and other alternative fuels for air and ground °

transportajion. al Bahly, -ab m;b@}é SheRis i .
Chaps. 7-11. 2. ?!Io%%ié?sch, eW esg{?]l%a, éaﬁlhu]rlnberazgrélfg,z!dl I (szgrll? c?@zgnd H.
' BEi chemta mégloidgatrogen compenad Gytheacomprisinga dopimitie corpmdedwithiathydtugetrds .
Spri - \Ver| ag.,Berlin, 1988), ] )
(Spr Ic%ﬁt%ﬁnmg ‘r'cttu?oqspher%,r at antempcmnzre and under a hydrogea pressure which permits 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. '




Part B. 10 3. H Imanura, N Sakasai, T. Fujinaga, J Alloy nmpd, 253, 34
(1997) 4. A Zaluska, L. Zaluski, J. 0. Stromd sen, App||25|:4kgrﬂ2ﬂ0672 157
(2001). 5. D. Mklauz, Mnatsh, 31, 981 (1910). 15 6. N. R GCeorges,
Berichte d. D. Chem GCesellschaft 44, 502 (1911). 25 April 2006 26 C ai ns:
1.- A process for reversibly absorbi ng hydrogen, wherein a netal -nitrogen
conpound, or ‘a netalloid-nitrogen co und further conprising a dopant is
contacted with a hydrogen containing. atnosphere, at a tenperature and

under a hydsgogen ThegastdsSactidtdifly fRedliin §, WiedEia IROmetld PRl 108 dopantlib an
process_accordi ng to claim1l, erein hydro en is_adsorbed at from about -

50C t o clHiEt ofprmed %@E%de’@ri%?é@%@ﬂéief enerboutl, €8, Ry St s @l 500

bar. The process according to claim?2, wherein the tenperature is 220C or
| ess. 4. The process according to cl ai m 1, wherein the nmetal -nitrogen

~conpound i s10f t Mae pkedesdihcrotdimiNdrtlaint @ vhidicid SHarmetal Ormbralitid dopant8Bep. The
process according to claim4, wherein the netal -nitrogen conpound is Li3N.
6. TheMB8ceBsthcldotaiMy, ¥ Co D ZoWReotdldh t he netal - nitrogen conpound i s
Li2NH 'or a Li-enriched lithiumimde. 7. The process according to claim4,
wherein_the Li mNHn netal -nitrogen conmpound is in adm xture wth a carbon
“‘dopant in alhbol aﬂhagrdmsmccﬁdmgIOWvﬂiaéxﬁmm@mmembxﬁﬁo@en&)mﬂ&md
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to net gljgdopant of from 1000: ¥ to 1: 1. 25 April 2006 27 9. The process
according to claim8, wherein the nmetal or netalloid dopant is an

12.  The process 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.




el ement of periodic table groups | to 13, a lanthanide elenent, C Si, Ce,
P, 0, S Sn, For d. 10: The process according to clai m 8254HaPao t he
nmetal or netalloid dopant is Be, M), Ca, B, A, Ti, C, M, Fe, Co, N,
Cu, Zn, Pt or Pd. 11. The process according to claim4, wherein the LinmHn
met al -nitrogen conpound is in adnmi xtdfe with a LiH additive in a nolar
ratio of LimNHn to LiH additive of from1100:1 to 1:10. 12. The process
accordi ng cl g i l+a Ri e ; Infkradall F 0gen
" conmpound igg'a tg?ﬁg%@:%?@ﬁigﬁgﬁﬁft“ & E%%%gg’cglr}g%%gﬁ{l%g T eg%gr-ocess
accor domporind is bBhnfdnlafesNty wheeeih @smaBy Oon<lhirgim#n+d.t ri de based
conpound conprises two or nore elenents independently selected fromthe
netal and nmetalloid elenents of Periodic Table groups | to 13, a
| ant hani dejgl e ' ] &855th i o claim
12, wherei %ﬁt h??%?%%? %éiorresﬁﬁgﬁ%?cosi&itnrgi%ﬁg}%gggg&ﬁcorrpoggfo?g{l:giﬁi}:)t%eges.two or
nor e etmepamdds Lislfependent |y sel ected fromthe group consisting of Li, Be,
My, Ca, B, Al, Ti, C, M, Fe, Co, Ni, Cu and Zn. 15. The process according
to claim 14, wherein at | east one element is Li. 16. The process according
to cl ai m 1pp.wh i gﬂ{’@g sl I conpound
sel ected f%%m eCrEajgéNgy&arP] Cazﬁlflﬁéﬁlf%%&%ﬁﬁﬁgg%gg&ﬁgg%o@mﬁu aining a
met al compound éhLeNbpounki-enrichedbthituhdinileni t r ogen conpound conbined with a
dopant that bears absorbed hydrogen or is capable of bearing absorbed
hydrogen. 25 April 2006 28 18. The hydrogen reservoir according to claim
17, wher ei 7 _t hertigehydroghnt oSG ebir asRiEAE ffclhitn Pé,vﬁﬁ&eﬁz%émia@mirﬁédﬂn wher ei n
or

2<nb3, O<n<l and m¥n=3. 19. The hydrogen reservoir acc Ing to claim 18,
- wher dEfogEecoRtoRnd i inadgirture Wit 6 sAdon slopas ip 2 zeplarmato ph kY legerrones dowi r
accorfﬁdaﬁ,ltglcé aim 18, wherein the metal -nitrogen conpound is Li2NH or a
Li-enricC 'ec} I"i'thiumimde. 21- The hydrogen reservoir according to claim
18, wherein the LinNHnh netal - nitrogen conmpound is in adm xture with'a
car bon dopzaznt ina nolar ratio of Lj, to carbon of from_10000:1 to 1:3.

The bydrogen reservorr according to clanm 18, wherem the LinNH,; 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,




22. The hydrogen reservoir according to claim18, wherein the Lim\NHn netal -
nitrogen conpound is in adm xture with a netal or netalloi @3dfapdAP06n a
nolar ratio of LimNHh to netal dopant of from 1000:1 to 1:1. 23. The
hydrogen reservoir according to claimg2, wherein the netal or netalloid
dopant is an elenent of periodic table groups 1 to 13, a |anthanide

el ement, . C 5, an, F or . 24 . The hydrogen reser.voir
~accordi ng tzoﬁcl a%?@?ogﬁ%&%°$%c§°%§%?}og?%%¥%%%k SPEht % g@é My,

Ca, B, ni#de bised <d@mp0\111d cﬁiﬁpﬁﬁfs ,tvgblio\il'm nide gﬁﬂteﬁﬂtiﬁ@ﬁ“cﬁﬁbnﬂ?irle&%_@ t:&*b)iﬂﬂi@ml |
reservoir accardjn 0 aim erein e Li .metal - nitrogen conmpoun
S BRI cleats P EeHORSReDIGEONRS oA, aakbds Rtk i, 116 0 A,
additive is from100:1 to 1:10. 26. The hydrogen reservoir according to
claim 17, whereip the netal-mtrogen or netalloid-nitrogen conpound is a
ternary or 28 gheThetijitogia resedr eoofiingm. cldmm 26) Whersd 0 12%aR70r Hgterhydr ogen
reservoir, according to claim 26, wherein the ternary or higher nitride

based PEEHS COBIRIPPS eXNPEFSS 510 ppmoreslamsnis indeperdsaiiy splestod Somelbe awpupr om

t he nmghadish TekalNei g{m [Pole] roups | to 13, a

| ant hanil:?ég()att ement hég %l”iﬁ’@’ ailt’l?t n. f’g@é’%g, %@g‘b‘%@n reservoir according
to claim 26, wherein the ternary or higher nitride based conpound

conpri ses or, re el ements.independently selected fromthe group..
consi sting 291 LiTheRyfrages MeaIves asgraing 1o claitt Jyn WHpin Reeashpne Ggspids k. 29,
The hydrogen reservoir according to claim28, wherein at |east one el enent
is L. 30.- The hydrogen reservoir according to claim17, wherein the

met al - ni tr 8§en Ry taseryoactoriingdd clhimiduwhiersi the tethlinitvogeba3N2 and
Ca2NH T, en reservoir accordi o c¢claiyn 17, wherein 5.5 wt % or
nor e 8?‘%%@“&0‘?8%%%%?&%%?@5%[8‘8@%8& e%yt’- aﬂgﬁgé\?@ss for reversibly
absor bi ng hydrogen, wherein Li2NH, a Li-enriched lithiumimde, a ternary

or higher nitride based conpound or Ca2NH is contacted with a hydrogen
cont ai ni ng3&t nod préydrogen reserveirpecarting o glaim (7 dwheraini 5 mtYeor orevEur e whi ch

perm &%ﬁﬁ;%?é%‘%ﬂﬂ?%%&g%ﬂ?ﬂn' '33. The process according to claim 32 wherein

t he LI riched |ithium

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.






