WD 03/037784 1 PCT/ S&2/ 00254 METHOD FOR REVERSI BLE STORAGE OF HYDROGEN
AND MATERI ALS FOR HYDROGEN STORAGE This application is related to U S
Provi si ormab oBas®Est 5 Application Serial No. 60/330, 802, firCeasGieheber 31,
2001, entitled "Method for reversi bl & storage of hydrogen and naterials
for hydrogen storage", the contents of which are hereby incorporated by
ref er eng@r e FOrOREVIMENTH 0D ORI I SBMRAEMEIN® MA@ ReS tlrydr ogen
storage materials. The present i1nvention also relates to a nethod of
reversi ble storage of hydrog8WDRAGEN| F@OBR&Ee material s. Background of

| nventi on 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. Heavy environnmental pollution due to conbustion of
fossil fuel and depletion of non-renewabl e energy sources energe as two
ser i ousTHrORIIBL ca tHysh open-dbstes etmartgys Soprcess bseat opstater ed to be the
nost _20 prom sing candj dates for solving these problens as this kind of

enerJy AR e $oskH ¥oiel 6§ M3 +stV0apptitad i 9nkob eﬁ'h%l'm?g(b%]s't chal | enge
in On-téa?adchﬂgv NQEa, féfafé@é‘réibfe sBScd 8! of Oy YL &h Cangpor tabl e

conput er one, etc.) is the |ow hydrogen storage capacity that existing
syst enmq:ims&s]ss o my@tmmt@iaq;ﬁ/ﬂ,r oged oot emyes nediwhich ofrer eat

i nportance. and researc t $nb Sc Al 8a, is quite active throughout the

wor | d. SReh RO R 2 & ¥cﬁﬁ <Y¥tens for hydrogen storage [1, 2]:

Li qui d hydrogen, Conpressed hydrogen gas, Cryo 30 adsorption system and
Met al IBiadHlide Systiwsmtion

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. Heavy environmental
pollution due to combustion of fossil fuel and depletion of
non-renewable energy 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 challenge-in on-board hydrogen utilisation (i.e.
as fuel for vehicle, 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 adsorption system, and Metal hydride systems.
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physically bound to the surface of activated carbon at
liquid nitrogen temperature. Under optimised conditions,
the hydrogen storage capacity of activated carbon may reach
15 7 wt% based on the weight of activated carbon. The
disadvantages of this system relate to the critical

conditions required (i.e. cryogenic conditions).

Metal hydrides have been proposed as systems 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) AB type. LaNis 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. Subse@uent 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 unacceptable. Mg;Ni illustrates the A;B type of metal
alloy. This kind of metal alloy can store more than 4 wt%

of hydrogen, but suffers from higher operating temperature
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remarkable hydrogen storage capacity at lower temperatures

and/or pressures than prior art systems. This non-cryogenic

hydrogen storage is reversible, so the materials of the

present invention are candidates for hydrogen sources in a
15 variety of applications, including applications mentioned

above.

According to one aspect of the invention, there is provided

a process for reversibly absorbing hydrogen, wherein a '

metal-nitrogen or a metalloid-nitrogen compound is contacted
20 with a hydrogen—-containing atmosphere, at a temperature and

under a hydrogen pressure which permits hydrogen absorption.

According to another aspect of the invention, there is
provided a hydrogen reservoir containing a metal-nitrogen or
a metalloid-nitrogen compound that bears absorbed hydrogen

25 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

30 state.



Hydrogen is reversibly stored, preferably under noderate to | ow
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Particularly preferred metal-nitrogen-based compounds are
lithium—-nitrogen-based. For example, Li-N-based solid state

15 materials may comprise Li-N, and Li-N-H type structures.
Preferred compounds of these types are, for example, lithium
nitride (LiszN), lithium amide (LiNH;) lithium imide (Li,NH
and Lis,NH) and Li-enriched lithium imide (LipNH,, 2<m<3,
O<n<i, m+n=3). The lithium and hydrogen atoms in this A

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-based compounds may be mixed with

25 lithium hydride. Lithium-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 nanofibers, activated carbon, a fullerene or carbon

powders. Metal-nitrogen-based compounds admixed with carbon



25 lithium hydride. Lithiumnitrogen-based conpounds adm xed wth LiH
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The net alwoimisygen- based conpounds y al so be m xed w t hPaT/SGar/haess
material. The carbon material used ggn be in any 30 convenient form for
exanpl e graphite, carbon nanotubes, carbon nanof| bers t| vated carbon, a
ful | er gweferabavbbRvepcndmatsl NSt anhory gerthdddd & S admi xed wi t h

car bon %3/0%77%% il 302/ 00254 preferably have a netal t b

0 y nmetal to carbon
nmol ar rng\Ql o] of Sbout % 0:1 to about 1:3. Metal-nitrogen-based corrpounds
may also be mxed with a netal or netalloid dopant. The doping invol ves'
the 5 Mattiaadud triror;enf-berees dreamreiratd eiyo rdls ce loeranitess d fwsrthd@pi ng,  into

the metal-nitro ef erred dapant-s_ar t al talloid
el enenﬂ‘?t@rloﬁlrpgﬁt(?&%g’p'f%ﬁf%oad}h% © FFL0E3, lI%L ]thanlec egeaﬁd (C):r g? aGeOI P,
gd 3 %%tr%d%@%l\%gn d\@rcﬁcloe efyablasdithedoped elament star eldpdndwy, Ca, B,

Ni, Cu, Zn, Pt and Pd._ The dopant can be a pure
met aI amtpurtélenmeé;lalmrmt%pqﬁmqﬁr@%m%t dine Grrafieripd AIRANES G- %

Vet o1+ RPlo@t BRRE o e T i anar Rasd Sommobha aped i n' i
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for the absorpti on and desorptl on of hydrogen. In the application, the term
pure metal or pure metalloid, 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 1:1.

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, Cr, Mn, Fe, Co, Ni, Cu and Zn.
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and derivatives such as AlINHg, A1NH,, ALNH3; and AlNH,.

Other preferred metalloid-nitrogen-based compounds are

silicon-N-based, gallium-Nitrogen and germanium-nitrogen-

based compounds. Such compounds include Sis3Ng, GaN, and GesNs.

15 Of the factors that govern the suitable conditions for
absorption and desorption, 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 method 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
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hel d about 800°C under a hydrogen pressure of from about 107% mbar
to about 100 bar. Desorption 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) Lis.2NHp.s 3) LizN-C (C/Li=1/30) 4)
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Figure 3 displays the Temperature Programmed Desorption
(TPD) spectra of 1) Hydrogeﬁated Lithium Nitride 2)
hydrogenated Liz oNHp.s 3) Hydrogenated LisN-C (C/Li=1/30),
4) Hydrogenated Li3N-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 effluent gases.

20 Figure 4 displays the XRD spectra of (a) Pristine Li3N, (b)
half hydrogenated LisN (180°C), (c¢) Fully hydrogenated LisN,
and (d) partially dehydrogenated LizN (after desorption in Ar
at 450°C). Peaks marked with * are LisN; those marked with #

are LiNH,; those marked with X are Li,NH; and those marked

25 with ~ are LiH.

Figure 5 displays the TPR and TPD profiles of CasNz. 20% Hz +
80% Ar was used as carrier gas in the TPR process, and the
partial pressure for Hy 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.



15 Ni-doped Li3N- with 1OMm % of Ni. Absorption conditions: Hydrogen
pressure 30 bar, tenperature. 250C, tinme 1h. The desorption was detected
by heati ngotoae3zBove sanple in the gas stream of purifi e®@CASGOVBES4
Spectroneter was used to detect the-effluent gases. 20 Figure 4 displays
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absorption- desorption. Absorption conditions: 30 bars of hydrogen
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and Si - e desorption was detected by_heatjng the above sanples

in the 3P StTEERROT Purhilis &FSasSTaRa Oi% %He%ﬁ eo‘ﬁe% D\%%% used to detect

they ef fé,{i% &?é@ﬁf\l_v&:dglﬁseecﬁ 1 Rl thee @f@la&r& Qjaé‘é@'r ogen absorption
and Ca-

in Li- H sanpl es. Hydrogen pressure: 30 bar,; tenperature

for absorption: 255C for Li-N H sanples_and . , i
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 (K) or cesium (Cs)), an alkaline earth metal (e.g.

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

(Al), a metalloid (e.g. boron (B), Si, 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/ml, it decomposes at temperatures
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unstable in air. Lithiumimde (Li 2NH) is a gray-to-white col ored

substance. The density is around 1.1 g/m, and it is unstable to noisture.
Li t hi unﬁly%ﬁ‘i’@%n(ﬁﬂlﬂﬁg?sl%l L6 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
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1.0 bar) was passed through a LisN 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 LisN begins at a temperature of about
150°C and ?eaks at 270°C, which demonstrates that LisN has
the capability to store hydrogen. Miklauz has reported [6]
(D. Miklauz, Monatsh, 31, 981 (1910).) that the reaction

20 Dbetween LisN and hydrogen takes place at a temperature from

220°C 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 reaction
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 (LiNH;) will decompose to lithium imide
30 and ammonia at higher temperatures. According to Georges’
statement (Berichte d. D. Chem. Gesellschaft , 44, 502

(1911), ammonia was released from the mixture of LiNH, and



tenperatures. On-line Gas Chronmat ography (GC) and Mass Spectronetry (MV5)
were used to nonitor the change of hydrogen content in the effluent gas
during thwotoe®s7784i gure 15 1-1 di spl gﬁs the TPR test resulPCISGoR/0@aN be
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502 (1911), ammonia was released fromthe m xture of Li NH2 and WD
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Sur pri sjin : hav i r t.hat in:gded SNyt 2H2 --->
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di f f er egegrt inghechpachtfige t eOPEFr &4 dt Bohel eeindt ki aaz' soartlo°@ur sTiay be
due to the effect of ingurities in Li3N. W have found that in sanples
hi ghPy tentharadeed byebsraed bhat hileoxbaesbent eShahli Agtalei 3N purity of

around é%&@aﬁ@ﬁated 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 Hy 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 éize 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 microns,
preferably less than 10 microns, and more preferably less

then 1 micron.

Theoretically, with all LisN converting to amide and hydride,
about 11.5 wt% of hydrogen can be stored. The Pressure-

25 Composition-Isotherm measuréments confirm this prediction
(see Figure 2-a). The vertical axis (X) refers to the molar
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 hydroxide) may occupy a certain

amount of the sample weight, thus, X can be less than 4.0.



starting tenperature for reaction (1) increases to 300C. It 10 is therefore
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03/ 037784NH2 PCUiFE2/-00254 NHThe revaygeHeof+ t(Benn@dct i on gP)equation (1),
i.e. the desorption of hydrogen from Li NH2 and |ithium hydride, can be

achi eved by deconposition of the material at a tenperature from about 100C
to 600C and a hydfd5em presitke mt@ndabout 5 10-8 to 100 bar. As tested by
Tenper at ur e- Progr anmed-

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. LiyNH, with 2<m<3, 0<n<l, m+n=3, is a novel
15 compound. It has a structure similar to that of lithium

imide, Li,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, 0=<n<l, m+n=3)

In situ X-ray Diffraction (XRD) was used to measure the
phase transition during hydrogen absorption 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 LiO0 and LiOH are observed (Figure
4a)-. As hydrogen absbrption began, the Lis;N phase became

weakened and finally vanished and the amide and hydride

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



Desorption (TPD) (shown in Figure 3-2), hydrogen desorption begins at a
tenperature of around 150C and peaks at 270C. The desorbed hydrogen may
come fromvDha/o8B4 ow ng reaction: LiNH2 + 2Li H ---> Li nNBCTAG0Z002F4 / 2H2 +
(3-m LiH(2) 10 (2-<m<3, 0<_n_<I, . =3) The val ue of the variables m and
n depends on the tenperature and pressure durin? t he desorption process.
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D ffracthomigXkP) swas used to neasure the phase transition during hydrogen
absorption and desorption 25 process of a Li 3N sanple. As shown in Figure
4, before hydrogen absorption, only strong diffraction peaks assigned to
Li 3N anfY@iggrepeaksredeLii20Lanti?ai OH are observed (Figure 4a).. As

hydr ogen absorption began, the Li 3N phase becane weakened and finally

vani shednapgct pecaghde:andnhydhni dg 3@uPhases isht baled et 1aRRHOXdmEt el y
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lithium imide with formula of Li,NH. When 2<m<3, 0<n<1,
m+n=3, LiyNH, has a structure similar to that of lithium
imide, Li;NH but with a constrained lattice. This compound
is again referred to as Li-enriched imide. The reaction
15 occurs when LiyNH, 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:

e

LipNH, + (m-1)H; LiNH; + (m-1)LiH (4)

(2<m<3, 0<n<1l, m+n=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 107 mbar to about 500 bar, LigNH, reacts with
hydrogen and forms lithium amide and lithium hydride. When

25 the temperature i1s raised above about 50 °C and under inert
gas atmosphere or under hydrogen pressure from about 107® bar
to about 500 bar, lithium amide reacts with lithium hydride
and forms LipNH,, 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 LigNH, is shown in Figure 1(2), which



5 and di scharge kinetics of this class of conmpounds is shown in Figure 8.%
Hydrogen Storage in LimNHn In the present invention, a new reaction between
Li mNHn armelO ohgslr7egen was denonstrated to be a route for recarssihe@sd0

hydr ogen storage. LinmM\Hn, when m2 a 8 n=1, is the normal lithiumimde
with formula of Li2NH When 2<nx3, 0O<n<l, mn=3, LinNHn has a structure
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The r eagdrigir it g idured t hegediarer tearks depeamdiuty 2B0°Chésetelper at ure and
hydrogen pressure. At a tenperature in the . range from about 50C to about
400C artes R rsgem prlesEi@ere 13 om abothe IVIrodRR tRPEHBWRRE00 bar, Li nNHN

reacts W ddh uflr ogel @fick fOF By 14 (0130 At do it dd unhyd i de. When 25
the tenperature is raised above about 50 C and under inert gas atnosphere
or underidwt agen pressure from about 10-8 bar to about 500 bar, lithium
am de reacts with lithiumhydride and fornms LinNHn, with hydrogen gas

W% 30 MRS S A% VAL B8 BCniaREeR.  The TPR result of hydr ogenati on
of LimNHn is shown in Figure 1(2), which WO 03/037784 14 PCT/ S&2/ 00254
cl ear | yn shiows-d hatt dyth Dgedn i Ise apsepdesd abvy ac 1 €mper dhoreugltpund 50C and
peai<g aI%i}?ibr?gUtcezﬁtoaCi'n Tabn?ogr?%oggt ci:ngc?I]; 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 LipNH, with carbon. The carbon material
can be in any convenient form, such as carbon nanotubes,
15 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, more ﬁreferably in the range
of 1/1 to 1/1000. The mixing of carbon materials with
lithium metal, lithium nitride or Li,NH, 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 Li NH, 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.



hydrogen, i.e., 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). Thewbydwnsryen charge and di schf%ge ki netics of thisPCT&s92/06254
conpounds is shown in Figure 8 Hydrogen Storage in Li-NC System A Li-N-C
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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. As 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.
Hydrogen Storage in Li-N-LiH system

25 The Li-N-LiH material can be prepared by thoroughly mixing
LisN or LipNH, with LiH. The LisN or LiyNH, to LiH molar ratio
is preferably in the range of about 100/1 to about 1/10. The
mixing 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.



If carbon is added to the lithiuminstead of the lithium nitrogen-based
conpound, the reaction between the Li-C mxture and nitrogen is carried
out at tewpasas1ise from about 0C to %out 800C under a ni PCIGE2/pI2EESUr €
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material can be prepared by thoroughly mxing Li3N or LinmnNHh with LiH The

Li 3M0orThé niNtimotot Lol ol Aydeayen begiprefetabpyrahutrhearange d00dbout
100/1 to about 1/10. The m xing of these two conpounds can be carried out
by any &utRdteedreansuindudhOds gﬁmwnﬂniwwe pouhdi ng with a 30 nortar
and pestl e under inert gas atnosphere.

Hydrogen Storage in metal doped Li—-N System

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

15 metal into LisN or LiyNH, including high energy ball-milling
or calcination. Calcination entails heating the mixture of
a metal, or of its compounds, 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 500 bar. The dopant is selected from at least one

25 metal or metalloid from the Periodic Table groups 1 to 13,
and lanthanides, C, Si, Ge, P, O, S, Sn, 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 LisN or LipNH, to dopant metal or metalloid ranges

from 1000/1 to 1/1.



WO 03/037784 16 PCT/ SG02/ 00254 According to the reactions (2) and (3), as
the quantity of LiHis increased, the anount of hydrogen that can be
desor bed wib30/0871184 eases. Hydrogen ab§9rpti on in Li-NLiH peysiGonneeay be
achi eved by exposing Li-N-LiH to hydrogen 5 atnosphere at a tenperature of
from about -50C to about 600C under a hydr.ogen porless re, fromabout 10-2
mbar t SYAFOREN S PRt Lohe B tfea St ST 014 2% sTyjsTIim“’W FHULi 3N/ Li H
= 12 Iy RGNS lssho ey Mt 006 ahsiod Lo - RegeAsL Bty aco
terrperélrt§d rg%%odﬁdg%%}lc%gje)gpeo;kgf\gat about 250C. 10 The desorption of

hydr ogen hiellicyaat dtenmpestad iy eatars wshdONa; uranelf pladee dalaswunds 7T0E A shown
in Figure 3-4). Hydrogen Storage in netal doped Li-N SystemIn this

enbodi rértyt tdH°Ci uNdeanpo nyd riog emp girkissd tsy forpan @outorld dop® ng net al s.

Seveyal  ways be used f oping 15 netal -into,Li 3N or. Li mMNHn i ncl udi ng
hi g er‘?@pdij/t bsgﬂaqn-k?ﬁjﬁ i ﬁﬂ“e gﬁplgéﬁec T%Jaﬁ?r%?{lt &t c]?Jhg[\t] iLI%ln St arfs” Hgtéti ng the
m xture,qfi/na eetal/1 as @howhs igompourds,1-and lhgretyalrdgeder nitrogen

at nosphere at tenperatures ranging fromroomtenperature to 1500C, under
gas pr essurptaforf rioeyhd dara tteriddrdarre 20f Gateundt 01 card alesdkde carri ed
out by heating a mxture of a netal, or of its conpounds, and Li3N or

Li mNHn afndidrown 23 Wért Tdes 968 oFPiiege R fathiskesite Ra9i0einfer at ur es rangi ng
fromroomtenperature_to 1500C, der s pr.essure of fram._ 0.1 bar to 500
bar . Tt?ee‘?ﬁ?p%mf%s sef e%lf%‘ﬂq#)rgo%’ Ia@%gtpe%‘l%s 2% %ee[m eroa?cur%fe Sal?%i d from
the,Periodic, T r t dl anLdes, C, Si, G, P, 0, S
Sn,lqIz aa{nr?f)q!éfd. r%-%ﬁgé%zroggl 3891??%8 ggpg%?ﬂ%g ge:%Zét ed fromBe, M, Ca, B,
Al

, Ti, C, M, Fe, Co, N, Cu, Zn, Pt and Pd. The dopant can be provided
in the Hydrogin cOpoandsif oteexanyl vibal dde§ystem

Ternéry 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;CoNi.

20 The admixture of lithium nitrides with another metal or
metalloid can be pursued by high energy ball-milling of LizN
with a selected metal or metalloid under nitrogen
atmosphere, or by calcination of mixtures of LiszN 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 bar.



30 oxide, nitrides, organonetallic conpounds etc). The nolar ratio of Li3N
or LinmNHn to dopant netal or netalloid ranges from 1000/1 to 1/1. WD

03/ 037784W003BETREE02/ 00254 Hydrogetf8absorpti on in netal por/Seer/edkei d
doped Li-N system may be achi eved by exposing netal or netall oi d-doped
Li-N to a hydrogen atnpsphere at a te era(iﬁ}ure of fromapout -50C to

about GOOEQHRIerd %Eﬁ’bﬁénlrb_r%%@i‘ﬁ%yfl?.?ﬁja %iltmaiféjk?et%c%l%%%%tb%oo bar .
The Tp%fgﬁgfé%gf‘%%d?%%hﬁ%meéy@a Qs ben Li BN MpnardO04d 4s shown in

Fi gure absorption begins at a tenperature of around 50C
and pealksnpaitatbest o23Pfom Thsoweses Pid an efbdwdrasgen hedems aat

tenperatures of around 100C, and peaks .,at tenperatures qf 10 around 220C

and 2700/qeddem PReFrEne ef Bam)abowy gk geraitotgaPPRtt ePRaPftni tri de System
Ternary nitrides, preferably lithiumternary nitride Li-MN (where Mis

t he §ecﬂﬂéjrém&§&aiﬁg gﬁ %:é%%]ﬁé’tﬂféii&iffféﬁé‘ngé HaEEse ASnEBE Br habsqaf or

hydr ogen storage. ected 15 fromany nmetal or netalloid el ement
in periladit Sabtengaodps tdrnary3nitanddanf desni Gar SEomces ahdoBh: More

preferably, M .can, be selected fromB Ca,.B, . A, Ti Wn, Fe, Co,
Ni , Qja%%%erzn?d‘tifa?ﬁ‘ﬁﬁ T’ﬁ? gﬁé? (?‘Fi%%n% t@%%@s%ﬁ%&ﬁ?‘?r?ﬁﬁmaﬁsyal so
possi bl g+ £ O s ex@Mphehbh §EQCoNRE 1 20 Theuadar st yi ee of LLIN Mdsnanitrides with

another netal or netalloid can be pursued by high energy ball-mlling of
Li 3N vhexrgorel et2bBinet aFrertweeal #oddCanderedi Fidhyed HtFfsphere, or by

cal ¢4 nat i ' ' ng; the 1selectedqprtal oQr petalloid under

ni t?%ggﬁlé%%]?r%g% é?%gégﬁig{]tt@r%tg%%s o%' ?rom 10}({)ﬂf§o 1%00% under nitrogen

pressureonfrant Do) nmbainta S0Onday.nCatrtdaat thareahsakswape carri ed
absolute structural changes (i.e. LiCaN is of anti-fluorite

lattice sfructure).
Hydrogen Storage in Ca-N System

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

available. According to the following reactions:

CasNs, + 2H; < 2CaNH + CaH, (5)

CasNH +H, — CaNH +CaH, (6)

20 Hydrogen absorption in Ca-N system may be achieved by
exposing CasN, or Ca,NH to hydrogen atmosphere at a
temperature of from about 100°C to about 700°C under a
hydrogen pressure from about 1072 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 Ca,NH 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



out by heating Li-M which is the mxture of netallic Ilithiumand the
selected netal or netalloid, under a nitrogen atnosphere at tenperatures
of from 3@0ts/03580C, 30 under a nitr(i en pressure of fromrPCTBGOwhEs4t o 500
bar. WD 03/037784 18 PCT/ S&2/ 00254 drogen absorption in ternary
nitrides may be achi eved. by exposing ternary nitrides to hydrogen

at nosphergpatatair¢ enperrad 13206, foemheabeutouns0EG505Cathebows0dT under a

hydr ogen, pressure from about 10-2 nbar_t bout 500 bar. 5 There usually is
a structifsre ffe?lé%?éy QIR CIRESF Yope %?QW%ﬁ%%%Ja%% %]gter nary y

nitridepfs stMdarocmpASIiA@NSis Mo addridere of . the dopant, the
base-nitride normally retains an unchanged lattice structure (i.e. Li 3N
has a hexagonal l|attice structure, and Ca-doped Li3N is also 10 hexagonal,
possi blEyadfreden $tghege atn i b BxPafEFbA®r contraction). In a ternary
nitride, there is always absolute structural changes (i.e. LiCaN is of

antigfl J I i . g (S -N- System 15

Cal 05| un}#&%?ﬁ(?ee ?%13%)1%1‘?%?%%6%% ?tcgg(lgﬁbﬁga%%gﬁgssé%%%ﬂ E%jgldrogen st orage
mat er i &l SmpBed hupat &F | S ar@oTOEEITW Ll yindavahkdkbgenApeesdurg bd t he
followi ng reactions: Ca3N2 + 2H2 00 2CaNH + CaH2 (5) Ca2NH +H2 ; CaNH
+CaH2 (om0 HYHrvgen absd? peibn HrdCadfn s§et iR b9 bEr@®8hi eved by

exposi gg H. 1 e pospher gl 2 L enper atype_of from
about %856%%? a%%%&%%l& Iﬁn%%%%%g ﬁg:/glrlogen pr es@%ﬁe ]Tlr om about 10-2 nbar to
about 50frdar, sec,desar pti apdebgrydiegeruireemoliy dregenat ednGas N-dH
materials 25 begins at tenperature from 200 to 800C under hxdrogen
10 200 bars. Al-N-H systems include aluminium nitride (AIN),
aluminium hydride-ammonia adducts and their derivatives such

as AlNHg, AINH,, AlNH3 and AlNH,. Hydrogen storage in AL-N-H

system may follow the processes of:

AIN —* % o AINH, —* %  » AINH, — % 5 AINH¢ 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 H; 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 0.3sx<l. 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.



pressure fromO0.01 nbar to 200 bar. The TPR neasurenent of Ca3N2 and Ca2NH
were shown in Figure 5. The hydrogen absorption (with hydrogen pressure -
1.0 bar) wegBn377at a tenperature ar bmd 250C and peaks atrcalseoe/0®@50C. The
30 desorption of hydrogen in purifi eg Ar stream begins at WO 03/037784 19
PCT/ S@2/ 00254 tenperature around 350C, peaked around 550C (shown in

Fi gur e Hydidhgemhyslraopege cliardjeMarkR 33 chiaf e ki netics of this class of
conmpounds is shown in Figure 8. Hydrogen storage in Al-N-H systens 5

Hydr og n._he rev j.hl i stg i ' Y&t egra regsof from
-80C tgpﬁg%@e%‘n T %oy%getnépﬁ%%%% 0 d wl,r_(ossrsnl%lflo%tn%grrnbt%ggggé%gr snydr ogen

desor ptdof, fgeem:chydnegenatied A abobeaystessageuss at otenparatur 600f from -
50C to 800C, and at hydrogen pressures of from 10-8 nbar to 10 200 bars.

Al - N- Hisyst epass d ied e oad aund i am tngntpse ket 1AL N)gngal Tinomi 20GChydr | de- ammoni a
adducts and their derivatives such as ALNH6r ALNH4i AINH3 and AINH2.

Hy driogef &Cor dgguine Al cNrie Sy diserhheay Blopirewitlite ofr SoekzadersttedaIN + H2 |
AINH2 + H2 0 ALINHm + H2 ALNH6 Tn= 3 or 4 15 Figure 7, curve 1, shows the
Tenper atiha: pr ogramed- Desorption spectrum of one of the hydrogenated

Al -N-H sanple, as can be seen, the hydrogen desorption begins at

t enper atig enydsdgabaserbait e vwiss bellow aloore temparatused in abhe whol e

testing period, there is continuous hydrogen 20 desorptjon enperat ure
ranges F¥eTHTYGHRTLHPErA irey TP IBD pPlag-chﬁ o@%%g%‘gor a}éepF%%er?EﬁElH syst ems

Ti tani U%B;giféé@foﬁ Th N 1, MV 6 & 98 PEH TS ORy & RSy o epas @k enrs et hods, was
found t e able to absorb H2 at tenperature
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 H,. In addition, the hydrogen absorption and desorption

reactions described above can be used to transport energy.

A hydrogen reservoir 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 details given in each sample have been selected for

purpose of illustration and are not to be construed as a



25 from 25C to 700C under hydrogen pressure fromO0.01 nbar'to 500 bar.
Preferably, the value for x is 0.3-<<x<-1. Figure 7 curve 2 is the TPD

f eature oWolwgdsgenat ed titani um ni t%gde sanple. It can IreTsEORCEAL

hydr ogen desorption begins at tenpefature bel ow 100C and peaks around
200C, 300C, and 30 400C. WO 03/037784 2 0 PCT/ SQ)2/ 00254 Hydrogen storage
in Si- Nsided i9ys s Ny drioer Veis- feRIRE3 ol e BN 0P P HiPTS SNIE LR

tenper iy 63,y QP QG410 B00G ynder o fy droaass prgssyre of 0.01 nbar to

500 bar. sorption occurs at tenperature range from20C to 5 800C. Figure
7 curve 3 is the TPD profile of hydrogenated Si3N4 . The hydrogen sorbents
descri bixdhrgidese can be used in any circunstances where hydrogen supply is
needed. A preferred application of the sorbents is in hydrogen reservoirs.

10 Applj.cations for these reservoirs are nunerous, for exanple as on-board
hydr Oggﬂi{—a&%@&% i n hydrogen-energy-driven autonobiles, ships, aircraft,
mssile etc... Another possible application for the sorbents is in a
hydrogen § uptarcelisN wher utf antexanp eanie serllientfs adescrssed-above can
supply 15 the H2. In addition, the hydrogen absorption and desorption
react | SIRERRSIGIBed SHRRFR alF BB GEeHE t 0T 1% dhé ‘P‘gerén%?%f/?geA hydr ogen

reservold, Jrey LY | R& SO R BeT i ADRCOM @ 16 pdheoBOhpeRbgaised in the
i nventi orF. T gpcont éjl?eﬁcer preferkg%ﬁ/ bears O%G or m)rcé pof?s ?hat permt
the i ngiress wfe Mysapagenca20l duwt gh hiyals ogesh edised pt o ob0 @t t eiteqrerdrit the
egress of hydrogen durjing hydrogen desorption. The container can also use

a si nglEWoT 0Midas ARSI si PV al Vet perydredeh Yae 2PRgFReY: and the
EOr g§s ﬁséﬂ%i@ﬂjrm%erbeﬁ&ﬁﬁé@%§ké$$&9aﬁihg 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 admixed 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 Li-N-C sample. 0.5 gram of the Li-N-C sample was put into a
PCI sample cell and an autosoak measurement was then done at
180°C under a hydrogen pressure of 40 bar for 3 hours. About
7 wt% of hydrogen was absorbed. On desorbing at 350°C, about

3.5 wt % of hydrogen was released.

25 ExamEle 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 wt%



the art would have the know edge and training suitable to 25 design
containers for use as hydrogen reservoirs. The docunents cited or referred
to in thewawowa77d4 scussi on are here?é i ncor porated by refPersSeoz002Fhe

foll owi ng specific exanples are provided to illustrate the invention. It
wi || be understood, however, that the 30 specific details given in each
sanpl e dhveydeegesevest @dseobedpurPoseesrrhingsat atPB ambatte hrot to be

construed as % WO, 03/ 037784 21, PCT/ $302/ 00254 |imtation on the invention.
General 1, °t fie BXPerYHEnt 35 weF&°220Aduct ed under sinilar conditions unl ess

noted. Exanples Exanple 1: 5 0.8 gramLi3N was put into the sanple cell of
a Presspxgmplomposition-lsotherm (PCl) unit. The hydrogen storage capacity
was det'erm ned by introducing 40 bar of hydrogen into the sanple cell,
whi ch was _preheated_to 300C, After 2 hours of a 8r tiog, ab? t 1.0 wt % of
hydr ogef- haST&bsot bedth1Em DEELHRt VR Bas Haff of ‘3 bga’é”@ Eu g the PCl

Sy3t§n1éﬁdotﬁenW@@%mﬁ%tédt€8p€ﬁétHéﬁeO%r§§Q§ﬁf@rag hedEsipbEReiamount of
desor bed hydrogen was neasured by re-absorption of hydrogen at 300C and

under 3Oxbapleflhydroget that2ahosattodbokt tE&mpberatref ofiydpot@wamas
re-absorbed, which neans_that about 5.5 15 wt % of hydrogen ywas desorbed at
350C. EX88P e BP0YD00 it of Ofr BPAF PeCHade 2dRP X8EPRHE h™ B56°RFTSPZI PEhi um

metal A4 POHDYEReOUSLY £85mBASEbLeac el A Xt HEes¥RB1ENER 6XROSBEr O
nitrogen gas at roomtenperature for 3 hours to forma 20 Li-N C sanple.
0.5 grastofotte fdr N+ Qaargl e Tes duHornbdd teydRiders angpds encadhrahdo@an
aut osoak neasurenent was then done at

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 Li3N (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 aliquot 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 ~ 4.4wt%.

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 was absorbed and ~ 2wt% of

hydrogen was released.



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 9% of hydrogen
was rel eaweds/o2gsExanpl e 3: 60 ng of _carbon nanot ubes wer @CathGoxeessnto 1.1
gramof [lithium then the' sanme proc% ure as Exanple 1 was foll owed

except, using an autosoak tenperature of 250C. About 9 wt % WD 03/037784 2 2
PCT/ SGF%a002%54 7 :of hydrogen was absorbed. On desorbing at 300C, about 4.5
wt % of hydrogen was rel eased. Exanple 4: 0.9 gramof lithiumimnm de was put

into a RC I t S t-Q B -DIRC re as
descri b@dkr}gfl%rprngLnPgﬁJeésl,a%&%g% tefglt an alﬁté ?s%oa%%ﬂ;ﬁlpnz?gtﬁu@géo%%gooc was

used. Alouttgemastifdlof dy drogeiblwms disomibied: udesorptpwn iofto ky ®Agen was
performed hy evacuati pg the sanple to 0.1 nmbar at 300C for 3 hours. The

desor be®R/Gr G§en MAAH EF RS T FBHBEHptTBh Wicth &t at 200C
undeg hﬁgﬁgg?ggg&eéigﬁgfgg pS%;%%@u Qr o3 hQuEs ., Ahgut %g%r % af,ohydrogen

was Te- of "al'um ni um doped Li A /L3N = 1/ 10)

was putg it & hhRiiXdesanpl easebinddien dx essdl & Gappoasidi@a; | sebher m (PCl)
measurenents weré taken at 200C. PCI neasurenment was done by introducing
an ali qu@ vof H2f ntwdtdeens anps ercleddsat ep- by- step until the hydrogen
pressure reached 70 bar; in the neanwhile, calculating the anobunt of

hydrogegnl_xaﬁgslortéed by 20 the material; then renoving hydrogen fromthe cell
gr adual pressure drops bel ow 0.03 bar, and cal culating the anpunt

of desorbed hydrogen. - 8wt % of hydrogen was
Titanium doped Li3N (Ti/LisN = 1/10)sample was prepared by

10 ball-milling Ti metal and LisN power for 10 hours. 0.5g of
the titanium doped LisN was put into 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 H, 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 9

LisN 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 . About 3.0wt% of hydrogen

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

Example 10

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

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



absorbed. The desorbed hydrogen was - 4.4wt % Exanple 6: 25 500ng of Ca3N2
was introduced into a PCl sanple cell and Pressure-Conposition-Isotherm
measur enewD3ine1784 t aken at 550 C. Cgafiti ons for neasur e®EMSGar/@0284 m | ar
to those described -in Exanple 5. - % of hydrogen was absorbed and -
2wt % of  hydrogen was rel eased. WO 03/037784 2 3 PCT/ SQ2/00254 Exanple 7:
80 ny oterndrvasladiixel sAmmMleas®Oby meF AF tiRizud i € | §8MR4e KHBFoEBReous! y
as possj ) e_ Iy r S tel P I n aut osoak
measur eirrlgilh }iDAa/a_g ?#‘eﬁigoﬁgx\gtag&ﬁ@g%@a%r%e h%%g%géﬁ&g%%%g%?aeéof 40 bar for
3 hour sde Abolived 8int Bxakp by di ogesepiast ladis cat beemp &na teser bf ng5@tC 300C, about
4.2 wt % of hydrogen was rel eased, Ex e 8 Titaniumdo e(g Li3N (Ti/Li3N =
1/ 10) safip? eSRCpFpar 28°BY 61@"’*5@(?5%‘?@??1%6% W?@t%?s%ﬁ)ge i power for 10
hours. Q,5@: 0% ofhe LEtRPLEUBYERPES LhN-¥8scpyy. into a PO sanple cell, and
then Pressure-Conposition-Isotherm (PCl) neasurenents were taken at 200C.
PCl nmeasurenent was done by introducing an aliquot of H2 into the sanple
cell step-by-step until the 15 hydrogen pressure reached 40 bar, in the
meanwhi | e, calculating the amount of hydrogen absorbed by the material;
then reppvy y fE e 1. gr J p drops bel ow
0.03 bar® I At e Seing P afbant - of "deser bad Rydr soenRbout  7ut % of
hydr ogeshawmge apsaodifiicTheodesandedar 2Ot hynls ogen basmabeuviBhdut % Exanpl e

9 LIsN Sggagﬁfﬁg %gog Eggagp£%££oagé %é%pgeég Eﬁélpgégégg Egéention

10 as claimed in the following claims.



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 sanme procedure as

descri bedworsasaspl e 1, except that ? tenperature of 250BCH&S0eI28¢t ed .
About 3. OMm % of hydrogen was absorb & and about 1. Om % of hydrogen can be
recycled Exanple 10 LiB3N and Nl in a nolar ratio of 8/3 were ball mlled
for 10 R&BER8BELSand then cal ci nated at 780C for 24 hours to prepare a WO
03/ 037784 2 4 PCT/ SQ2/ 00254 ternary Li244N O 3N sanple. 500 ng of Lie
4Ni 0. 3N; sanpl e wag pHhchhBtk9 PCl paamBLe-eeklyaard MO'MQ%@Qrth@ sane
procedure as described in Exanple 1 except that tenperature of 250C was
seIecte@raﬁhehlnercanﬁbﬁf hydrogeHydasgsns endeothes adtgipatizeOnt % of

hydr ogep.. ¢ e rec o] t he art, is der st ood

t hat naﬁy f%ha%ﬁegl §9 %g angggﬁgbsg%gg?gbns%Caﬁ be h&deE%%thout
depast i ngohhONiibe $pEbhk,andisnepecef 1086)pr esapts.i nventi on 10 as cl ai ned
inthe followng clains. WO 03/037784 2 5 PCT/SGD2/00254 References: 1. H
Buchner, P. Pell oux-Cervais, afwal | ner and P. Luger.
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4. A Zaluska, L. Zzaluski, J. 0. Stromdsen, Appli Phys A 72, 157
(2001). 5. D. Mklauz, Mnatsh, 31, 981 (1910). 15 6. N. R GCeorges,
Bericht e WO 0Bo3@Rem Cesellschaft 44, 502 (1911). WO 03/ ®@8T/R&42/20264
PCT/ S&02/ 00254 dains: 1. A process2 or reversibly absorbi ng hydrogen,
wherein a nmetal -nitrogen conpound or a netalloid- nitrogen conpound is
cont act@cimsh a hydrogen 5 containi ng atnosphere, at a tenperature and
under a hydrogen pressure which permts hydrogen absorption. 2. The

process, accordi ng, t i v@g; LI r i at from about
-50C tgl'about BOgAC Egrndtj:é?él%]éam:ny roeg]}eér}%]}/}gsﬁgér%%?ﬂaiﬁ%%%&%ﬁz nbar to
about 500 bar. 3vhdheimpr®aoessaaatorohden t companmi 2o0r winenet &l i died-
tenperature is 220C or less. 4. The, process %ordi ng t | aim 1, wherein

0
the 15 metal - ni t roYERPEUMPRAIRPYRS ohS t AT OF R AV LF iR Y ITREFRI n 2 3,
05n5l and mkn=3. o,ndhen POCESH AGCOFL] NG 19 C&Ab&E 4t u ML LA Nub A8
nmetal -nitrogen conpound is Li3N. 6. The process according to claim4,
wherein the 20 net ahydiregoyarroosporindhich LponNpibs Bydiogeni ched |ithium
imde. 7. The process atccordi ng to claim4, wherein the LimHn
net al - ni t r ogen co?c“r% M- TS 1 n adnixture with carbon in a nolar ratio of Li
to carbon of from :

2. The process according to claim 1, wherein hydrogen

is adsorbed at from about -50°C to about 800°C and

10 a hydrogen pressure from about 107 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

15 metal-nitrogen compound is of the formula LipNHj,

wherein 2<m<3, 0=n<l and m+n=3.

5. The process according to claim 4, wherein the

metal-nitrogen compound is LijN.

6. The process according to claim 4, wherein the
20 metal-nitrogen compound is Li,NH or a Li-enriched

lithium imide.

7. The process according to claim 4, wherein the
LioNH, metal-nitrogen compound is in admixture with
carbon in a molar ratio of Li to carbon of from

25 10000:1 to 1:3.

8. The process according to claim 4, wherein the
LiNH, metal-nitrogen compound is in admixture with
a metal or metalloid dopant in a molar ratio of

LiNH, to metal dopant of from 1000:1 to 1:1.



25 10000:1 to 1:3. 8. The process according to claim4, wherein the LinmM\Hn
netal -nitrogen conpound is in adm xture with a netal or netall oid dopant
in a nol aworramdsof Li nNHnh to netal dppant of from 1000: PCrsGh2/60250M0

03/ 037784 27 PCT/ S&2/ 00254 9. The 6?ocess according to claim8, wherein
the metal or netalloid dopant is an el ement of eriodic table groups 1 to
13, a | 8nt hani de TékeRBAEESE, asppr@épgpjtoopls,lmsg, Fhgredn, the10. The
process accordi ng | ai . Qi t | L.ai d dopant is Be,
Vo, o B A reRer BphBrat e Roblfy U5 b RieHBRE b T TR oaes
according to cl ai ped4iodher eeblehgroupsNd' toetldl - ai Laageanddspound is in
adm xture with 10 _a LiMadditive in a molar, ratio_of LioNH' to LiH

additive of from $6670fo ¢7161r18%/The ProfessPac&ofdihg-to claim 1,
wherein the netal-nitrogen or netalloid-nitrogen conmpound is a ternary or

hi gher nptride based geppaYndactsrli3ngThe RNASRSS, aghakdiAgthe claim 12,
wherein the ternary or higher nitridé based conpound conprises two or
nmore el enents i ndepéadent| peselléeotidd dopomt theBaet MU, akd - nBtraPlei d el ement s

of Periodic Table..groups,l to 13, a Lanthani e toC Si, G 20 and
Sn. 14. The proceg%’aggérgphg%?é gpéi#?12?%Whg§éiE%?§g Ptd'érnary or hi gher

nitride based conpound conprises two or nore el enents independently
sel ected1from thehgr pupcesssistiongiol ltio, cBeimMg, GasrBinAttheTi,

LiyNH, metal-nitrogen compound is in admixture with
10 a LiH additive in a molar ratio of LiNH, to LiH

additive of from 100:1 to 1:10.

12. The process according to claim 1, wherein the
metal-nitrogen or metalloid-nitrogen compound is a

ternary or higher nitride based compound.

15 13. The process according to claim 12, wherein the
ternary or higher nitride based compound 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

20 and Sn.

14. The process according to claim 12, wherein the
ternary or higher nitride based compound comprises
two or more elements independently selected from
the group consisting of Li, Be, Mg, Ca, B, Al, Ti,

25 Cr, Mn, Fe, Co, Ni, Cu and Zn.

15. The process according to claim 14, wherein at

least one element is Li.



25 C, M, Fe, Co, Ni, Cu and Zn. 15. The process according to claim 14,
wherein at |east one elenent is Li. WD 03/037784 2 8 PCT/ S@2/ 00254 16.
The procewe tamsmsdi ng to claim 1, wherein the netal -nitrogen/scompesnd is a
Ca- N based conpound selected from C88N2 and Ca2NH. 17. A hydrogen

reservoir containing a netal-nitrogen 5 conpound or a netalloid-nitrogen
conpourics t hat  betrs mhswdeddgerdyen v ¢ gapablwhafebeatieg  absor bed

hydrogen. 18. The h ogen reservoir according.tq.claiml? erein the
net al - ni t r ogen cd?r%%%L’ YR e H Y rjn%laelqﬁl (ri*llc—}ﬁas er ¥R -im <3,

05n<_1 and mtn=3.g5dLctldre wyshk auem,r esar gaing according to claim 18,

wherein the netal -nitrogen conpound is Li3N. 20. The hydrogen reservoir
according to claim 18, wherein the metal -nitrogen conpound,is Li 2NH or a

15 Li-éhfiched i IfFogaRiere9arvahe FRRrdbeH T e3P+ Rttbrdhg to claim

18, ~wherein the LI = Ny . Qrgppllf.g}ge i RaTaloy e with

car b50n in a nol aréérg%\!%_%ld;?é{ia%éﬁﬁgf %)((ri] of ronI1ll i%% 0?1 toﬂti#%. 20 22. The
hydr ogen reservoiseacsoalthaugodd ydroyd8, or whereipabbhe of nitring

metal -nitrogen conpound is in adm xture with a nmetal or netalloid dopant
ina molar raticd ?Ojir}??fklls-ﬁhy?ﬁo%?al dopant of from 1000:1 to 1:1. 25 23.
The hydrogen reservoir according to claim?22, wherein the netal or

metal | oig, dopant 78e @ydrogen reservoir according to claim 17,

wherein the metal-nitrogen compound is of the

10 formula LipNH,, wherein 2<m<3, 0<n<l and m+n=3.

‘19. The hydrogen reservoir according to glaim 18,

wherein the metal-nitrogen compound is LisN.

20. The hydrogen reservoir according to claim 18,
wherein the metal-nitrogen compound is Li,NH or a

15 Li-enriched lithium imide.

21. The hydrogen reservoir according to claim 18,
wherein the LiyNH, metal-nitrogen compound is in
admixture with carbon in a molar ratio of Li to

carbon of from 10000:1 to 1:3.

20 22. The hydrogen reservoir according to claim 18,
wherein the LiNH, metal-nitrogen compound is in
admixture with a metal or metalloid dopant in a
molar ratio of LigNH, to metal dopant of from

'1000:1 to 1:1.

25 23. The hydrogen reservoir according to claim 22,
| wherein the metal or metalloid dopant is an
element of periodic table groups 1 to 13, a
lanthanide element, C, Si, Ge, P, O, S, Sn, F or

Cl.



el ement of periodic table groups 1 to 13, a |anthanide elenent, C, Si, Ce,
P, 0, S Sn, For Cd. W 03/037784 2 9 PCT/ SG02/ 00254 24. The hydrogen
reservoi rvageosdsng to claim 23, V\heée)é'n the netal or net acreicd2zdesant is
Be, My, Ca, B, A, Ti, C, M, Fe, > Ni, Cu, Zn, Pt or Pd. 5 25. The
hydrogen reservoir according to claim18, wherein the Lin\Hn

net al - n2érogen cofpsuhddirogen TIEEHINOdEe aRicCOrddng Moaddialive3n a nol ar

ratio of Li m\Hn i.H _additive is f 1t 10, .26.,.Th ydr ogen
reservoir accordi &{816%8@& g?ll% &f?%afn om%g{g&%lﬁgto%g (r%lé) élal:][&niJt2s?or3ggeén%4(%j

met al | oi d-ni trogega,c8ypaIRdTiS &it,eMmar FeQr Chi,ghvdr, id,r iZzde lrasedt

conpound. 27. The _hydrogen reservoir according to claim 26, wherein the
ternary or higher PAi-tri de based 15 conmpound conprises two or nore el enents

i ndependently selected fromthe netal and, netalloid elenents of Periodic

Tabl 6 gpgups 1 tOorhl3hyRdRRhhaide @)ieMeRlcor8ing 18t I3, 28. The
hydr ogen reservoir according to claim26, 20 wherein the ternary or higher

nitride based compeurdncdingr Tse¥Hh woetorl rokier adehesrmponndependent | y

selected fromthe_group caonsi.sting- . Li...Be, , Ca, B S I , M,
e o N o AR S ¥ 0 10 bl B W Aoty Alaeil ol
28, wherein at | eastHore aEesddisSite .is from 100:1 to 1:10.

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

compound.

27. The hydrogen reservoir according to claim 26,
wherein the ternary or higher nitride based
15 compound 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.

28. The hydrogen reservoir according to claim 26,

20 wherein the ternary or higher nitride based
compound comprises 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.

25 29, The hydrogen reservoir according to claim 28,

wherein at least one element is Li.

30. The hydrogen reservoir according to claim 17,
wherein the metal-nitrogen compound is a Ca-N

based compound selected from CasNz and CapNH.



30. The hydrogen reservoir according to claim17, wherein the

nmetal -nitrogen conpound is a Ca-N based conpound sel ected from Ca3N2 and
Ca2NH. WOv03B037884 PCT/ SG02/ 00254 30 31. The hydrogen r@sarsaoemno2aecor di ng

to claim17, wherein 5.5 wt% or nore3®f desorbable hydrogen is adsorbed.

31. The hydrogen reservoir according to claim 17,

wherein 5.5 wt% or more of desorbable hydrogen is

adsorbed.



