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HYDROGEN STORAGE Thi s- appli.cation is related to U S. Pr&Vi ST oRal < Patent
Application Serial No. 60/330,803, filed October 31, 2001;- entltled " Met hod
for al kali hydride formation and material s for hydrogen storage", the
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10 This invention relates to a nethod of synthesis of alkali netal

hydri des. THETBPBsE@R $hﬁéh1|6ﬁ93136 FORMAEEON nalNBr MATERIBLS hjdR ogen
storage. Background of the Inygni] éhﬂhggkpydrlde is wdely used in
mlitary,. fuel 15 cell and buoyancy evi as hydrogen generator. The use
of this conpound is very efficient since 7.95 grans of .LIH reacted with
wat er yields 2.02 granms of hydrogen [1]. The hydrogen density in weight is
12.5 wt% which is alnnst the highest in nmetal hydrides. The vol unme
density is 112.5 ?A Th is 40% #gher than cryogenic H2 storage. The
energy density o f?k??% 1B RN RgTBEA 8R4t R/ P T BRPERSEPRBLI s one of

the i gh&ﬁénﬁ@p@lﬂ@&ﬁioﬁygérﬂﬁ?}? N&l Heb$38b5908, §9ﬂ@§r@b ﬂ>¥ru§fd agent in.
organi c sgnthes 2], a coollng® agent in prinordial gas[3]:.and
candi dat@0tn em %%@IyMQEhO@t ¥ nglkalarhedeidy Fd;matibmoandlly morks as

initiatQLeefPhiOr fANI S ~Ligniumhydride Ls normal |y prepared
by the re%ct%on 0 réy?%§§$gt%|un1%nd' {Qro%%% At { %%é?%}ﬁ?e Hbove 600C
| ndust rhet¢lyy lncdiporaetdl by srdfatedecep to high 30. tenperature to
initiate its reaction with hydrogen then the '

Field of Invention

10 . This invention relates to a method of synthesis of
alkali metal hydrides. The present invention also relates

materials for hydrogen storage.

Backgfound of the Invention

. Lithium hydiide is widely used in military, fuel
15 cell and buoyancy device as hydrogen generator. The use of
thls compound is very efficient since 7.95 grams of LiH
-reacted with water yields 2.02 grams of hydrogen [1]. The
hydrogen density in weigﬁt is 12.5 wt%, which is almost the
) highest in metal hydrides. The volume density is 112.5 g/1,
20 which is 40% higher than cryogenic H storage. The energy
*density of LiH is 4.16 kWh/Kg or 3.74 kWh/1, which also is
one of the highest among metal hydrides. LiH is also a
Commercially'used agent in organic synthesis([2]; a cooling
agent in primordial gas[3]:; and, a candidate in chemically.
25 .storing solar energy [4]. KH normally workslas'initiator

for'organic syntheéis [51.
Lithiun hydride is normally prepared by the
dxéggﬁiép of molten lithium an@_hydrogen at temperature above

600°C. Industrially, lithium metal is heated up to high

3

30 ~temperature to initiate its reaction with hydrogen then the



28 February 2006 2 reaction can be naintained and contiﬂypgxﬁ&ggbg@eously
l'a

at practical rate until the synthesis is conplete. In the oratory, the
hydrogenation of lithiumis carried out in an iron container at

t enper ature above 600C [6]. The conventional preparation nmethod of KH was
by reacting molten K with hydrogen ag tenperature higher than 200C.

Hydr ogen- based energy is the cleanest energy source and will play a great

part inrthetesar guncoashbtietib@fed AntihksneeALYAYspDRYShOBIEN, #Ff hydrogen
storage nediumis 10 of great inportance and research on this area is quite

active PREGh4RBLt TBRe WOELA. tRewsdaybesinels gpePiote- syshehBef or hydrogen
t i I i h ; Yo - ti
S Oragelb%o§ktokgﬁukggr¥g§9§§§P8§?g@gSiﬁ%?tﬂ¥ﬁ§°9§nc%?%%gdc%XQ adsorption

system and, Met i'cations o fogen in pure form

(I'i qui danhydbngeBnericerpressedpBydtagenapasy 8og°dpd]y e | arge scale or
stationary purposes, for the weight of containers normally sacrifices a

| ot- Po ERBVGABLENAYJPEGRATStdPRgRethagaett §Hi Fahytyogeactsnasedlian| i mit ed
scope. Eor .yehjcuylar 20 or any other portable pl i i ons, hydrogen stored
in sol dw§¥§thyﬁﬁ?8?Pan LEBRETAGURE Pﬁ8ﬁ8ﬁ|§358|%§8%h: Thus,

cryo-adsorption systemand netal hydride systens are the two prom sing

ways. The cryo- adgoapbhen-puskaMBnshgy adventagesshBst 28n8pger at e wei ght
and volune. In thls.5{sten1 hydr ogen nol ecul es are physically bound to the"
sur f aceSBRraet fdt 8l lchalByn2agTERr§ubdrhi tRobeR erApEratonel rundeen

optimzef this century. Development of hydrogen storage medium is
10 of great importance and research on this area is quite

~active throughout the world.

Nowadays, there are four systems for hydrcgen
storage [7,8]: Liquid hydrogen; Compressed hydrogen gas:;

Cryé~adsorption system; and, Metal hydride system.

15 Applications of hydrogen in pure form (liquid
hYd#ogen or:compressed hydrogen gas) are mostly for large-
scale or stationary purposes, for the weight of containers

. hormally sacrifices a lot to the whole hydrogen storage
capacity if hydrogen is used in limited scope. For vehicular

20 or any other portable applicafions, hydrogen stored in
'Solid—state materials seems to be the only solution. Thus,
cryo-adsorption system and metal hydride systemé are the two

promising ways.

The cryb—adsorptioh systems show advantages in
25 moderate weight ahd volume. In this system, hydrogen
- molecules are physibally bound to the surface of activated
-_carbon at liquid nitrogen temperature. Under optimized
- conditions, the hydrogen storage capacity by activated
carbon may achieve 7 wt%. The disadvantages of this'system
30 relate to the critical Cénditioﬁs“téquired (cryogenic

conditions).



conditions, the hydrogen storage capacity by activated ?'r%i% achi eve
7 Wt % The disadvantages of this system 30 relate to theé:gé@{talg ®
conditions required (cryogenic conditions). 28 February 2006 3 Met al

hydri des are the commonly used systens for hydrogen storage. Hydrogen is
chem sorbed by netal or netal alloys tp formcorresponding nmetal hydrides.
The advantages of this systemare that the absorbing or desorbing of
hydrogen i s carri edMetmit hyddidesnmader abhe comdnd iy onsed tsggpenativre &

pressur e) hyditRenhy 6 £GRN Si8F 6@ GaPABELYsdrbeiehPindfa1Vak U@ d1s anebasi vel y
high.  The, df&%ﬂ\é@?;@@%%qugt@é&l%g&?m@ge thE fanaRslue &Pttﬁf{' al, slow

ki netics d,:eth%re o asét% capacil ?g [;b \é@r?% recent trend
for mat erl%ﬁ desi irgnation sa}?%o *&8a Eh‘fl%s 6?%% nglédl%aﬁaérrilg

Car bon fi ‘b‘?’eémd@érIB%‘?’?rar‘E&nS?{h%’é'smnéct(FWeéﬂtBé?b%rPr&r?&uFﬁi terBifes, etc. are
consi der elvarpgeanatelagss choac ti dnpteposef Ngkere uss g&éetqurﬂavélllgéen '
publ i shedrhd @ib3fiyadbidgesndbif| thire sysesenird rhentkpensitvikembiyelricgen ssbor age
capaci ty kindthesean@ttdld abs HasraiRvehspa®icpractism o Whegh@. Brief Summary
of the Invention According to one aspect of the invention, there is
provided a method ffe $YBLHES!Sn0f 8P rﬁ’éﬂ@mhw{ 941%1:99{{13{& Sidg:  forming a
subst ant i ael Ixséthhormgoenous m xb ure of . carbon an bonjk bresmet al dpart i cles

ateriag
under an 1ner m)spﬁere and T3t et te erature pre55| sai d

subst ant i QF" Sﬁogaé%ﬁﬂfé‘tﬁﬁix‘ﬁﬁbé’nuﬁﬂ‘erf%eirﬁ@?? o€ AEFOS r&Ad®&nbi ent
t enper at W¥adidates nian tal kabirr@seonforibref papees dldval beertmibliskpdsi ng the
al kal i - C pouniout anaihy dhogerseadnimaitignat obs (Helregah stdrerper at ure
from 25 t@aldtf Adnese materials has never met practical criteria.

Brief Summary of the Invention

According to one aspect of the invention, there is
provided a method for synthesis of an alkali hydride comprising:
forming a substantially homogenous nixture of carbon and alkali
metal particles under an inert gas atmosphere and ambient
temperature;

pressing said substantially homogenous mixture under an inert gas
atmosphere and ambient temperature to form an alkali-C compound of
the alkali metal, exposing the alkali-C compound to a hydrogen
containing atmosphere at a temperature from 25 to 600 °C and a
-pressure of (0.1 to 100 atms. A method of forming an alkali metal-
:ca;bon compound comprising mixing carbon with an alkali metal.

According to another aspect of the invention, there is
' provided a method for synthesizing an alkali metal hydride
comprising contacting method for storing hydrogen comprising
exposing a solid sorbent comprising an alkali-carbon compound made
in a method comprising the steps of forming a substantially
~ homogenous mixture of carbon and alkali metal particles under an
inert gas atmosphere and ambient temperature, and then pressing said
substantially homogenous mixture under an inert gas atmosphere and
ambient temperature. to form an alkali-C compound of the alkali
metal, to a hydrogen atmosphere at temperature of from 25 to 700 °C
under 0.1 to 100 atms pressure.

According to third aspect of the invention, there is
“provided'a"methOd”of'stOring”hydrogen COmprising contacting an
alkali metal-carbon compound with hydrogen to form a composition
comprlslng alkali metal, carbon and hydrogen.
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pressure of 0.1 to 100 atms. A nethod of form ng an al kag Feb@bal2006ar bon
conpound conprising m xing carbon wwth an alkali netal. According to

anot her aspect of the invention, there is provided a nethod for

synt hesi zing an al kali netal hydride conprising contacting nethod for
~storing hydrogen conprising exposing & solid sorbent conprising an

al kal i -carbon conpound nade in a nmethod conprising the steps of formng a
substantially honodj@roddselxsasdt degkinaibdwydandgenm| Kalregreratedadt i cl es .
under an cbfisiits 188, AldRIRNE! &n ARF2TRL APt HERPERALIN € ca2P, LR Pressing
said substantially honbgenous m xture under an Inert gas atnosphere and
anmbi ent tBYPEX9&Pure to forman al kali-C conpound of the alkali netal, to a
hydr ogen at nosphere at tenperature of from25 to 700 C under 0.1 to
100. at ms pressure. AGGAHEGh&g 1P AR EdeRSREC i 9fed NG GRYEPTT UE thkhere is
provi ded a' nethod of staoring hydrogen conprising contacting an alkali

met al - car BTG potiE Wikt Rl FRRIHGgehof oo ¥ kea Ebipdw t(Ldh, HM si ng

al kal i netwd),, gathesivandrhysl agenum?gcdrebr var ¥n@00G 4 pAksordicscl osed
herein is hydrogen storage material conprising a conposition conprising

al kali metal, carbag gnd h%dr.ogfen. Atjﬁﬁlfal_i dmet al s gre el 1?ments |isted in
Goup | of the Peri®ddrt B&pie a0t &Y ereit’sS B2k dftple, 107 3P0 ELi ) |

sodi um (dNadphipel assibem ()otrbesesicambdiCoowdbtr, anttikaaee pasdcar,red. Car bon

mat eri al he d i.n any for f.or exanple graphite, carbon nanotubes
f i : , ’

carbon po ar, a%?rleevsatoédc%%br nor?gkogg}?%%sn' fibres or carbon nanofibers. The

nolar ratio of alkali nmetal to carbon in the alkali netal-carbon conpound

is preferably fromThbonel&00&tiot of abidutli metal to carbon in the alkali
metal—carbon compound is pieferably from about 5000:1 to about
1:200, more preferably from about 1000:1 to about 1:100, even more
preferably from about 500:1 to about 1:50, énd yet more preferably
from about 500:1 to about 1:24.

Alkali-carbon compounds (“Alkali-C compounds”)
preferably refer to alkali metal-~C intercalation compounds. For

example, compounds of formula of LiCe, LiCis, LiC,y, KCg, KCg4, etc.

- When alkali-C compounds are exposed to a hydrogen-
containing atmosphere the alkali-C compounds absorb hydrogen.
"Surprisingly, hydrogen absorptipn in a process of the present
invention occurs at a lower temperature than in processes of the
‘prior art. A process of the present invention is performed
- preferably at a temperature from-about 0°C to about 700°C, more
preferably from about 25°C to about 600°C, even more preferably
from about 50°C to about 500°C, yet more preferably from about 50°C
" to about 300°C. Also, the process is preferably performed at a

pressure from about 0.1 atm to about 100 atms, more preferably
from about 0.1 atm_tO'about 50 atms, even more preferably from

about 1




1: 200, nore preferably from about 1000:1 to about 1:1002g p¥EaiRI086 :
preferably fromabout 500:1 to about 1:50, and yet nore preferably from

about 500:1 to about 1:24. Alkali-carbon conpounds ("Al kali-C conpounds")

preferably refer to alkali netal--C intercalation conpounds. For exanpl e,
conpounds of formula of LiC6, LiCl2, lg C24, KC8, KC24, etc. Wen alkali-C
conpounds are exposed to a hydrogen- containing atnosphere the alkali-C

COMpOUNG RARSPI IMATRO Y ms SUPA I Heta NFYHAHL 30 PPN i1 (BPT OCESS
of the present invention occurs At a | ower enperaturé than i'n processes
of the perdawssart Hyllnogeoe st oofadehe Hmegentthany ait wdk s ypée or med

preferahly .at a tenpgﬁ?t re fram ahout OC to about 700C, nore preferably
from ab&\TS85EY 0 P c Y el imbr §Y5t&MSrably from about 50C to about
500C, yet nore preferably fromabout 50C to about 300C. Also, the process

is ‘preferably mper deserhtalond o PHEEFWRH FeBm ke hQakodlMal@pbout 100 .
atns, nore preferably fromabout 0.1 atmto about 50 atns, even nore

pr ef er aBilyflioh sysdems] cag bebrehievedosishgrmbyohepsingsdhat ms. Al Kal |
metal hydride i.s forned in rage of nore than 10

: he process. Fygro en, sto

W9 may TBE S A Re 7o L PRAEPA S PR BEOT Oy SPen 00 he BESERBEPOR of
hydrogeq Lhomobhe £y di ggsaalad by ialis (SIS LR LaN RS AC qyd, el L her by

heating the materials at tenperature range from0U to . preferably .

from 100€tea.1000C or by hydrolysis of the material with water. Additional

features and advantages of the 10 invention will be set forth in the

description that thkggghal.features and advantages of the -

10 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 advantages of the invention will be realized and
- 15 attained by the structure particularly pointed out in the
written description and claims hereof as well as the

appended drawings.

- Brief Description of the Drawings

Fig. 1 is the Low-Content Temperature-Programmed-
f}} 20 Reduction spectra of: (a) Li-graphite mixture with Li/C =
- 10/1; (b) Pure Li. The temperature was raised from room

temperature to 700°C .at 10°C/minute.

Fig. 2 is the Pressure-Composition-Isotherm (PCI)

results of Lifgraphite mixture with Li/C = 7/2. The

25 operating temperature is 184°C; the weight of Li+C-is 360 mg.

Fig.3 is the Intelligent-Gravimetric-Analyzer
(IGA) spectrum of Li~C mixture with Li/C = 10/1; ‘The
“temperature was raised from room temperature to -250°C at
5°C/minute; hydrogen pressure is 6 atms.

3



and in part will be apparent fromthe descri ption or nayg P&hrubi§pa6d by
practice of the invention. These variations are considered to"be in the
scope of the invention. The objects and other advantages of the invention
will be realized and 15 attained by the structure particularly pointed out
inthe witten description and clains hereof as well as the appended

drawi ngs. Brief Description of the Drawings Fig. 1 is the Low Content

Tenper at ur e- Pr ogr@ngdzz 20 Raduptironespest b2 Algrbahike- ﬁl&é@l}ié@ gixture
with Li/C = 10/1; (b) Pure Li. The tenperature was raised fromroom

t enper at BPEC twi TOEY/ C at 1O nfamyb e Wéiggh®?2 is the. 0 gram.

Pressure- Conposi tion-1sotherm (PCT) results of Li-graphite m xture with
Li/C=7/2. The 2% opeEatl n? te, erature_is 184C, the weight of Li+Cis 360
my. Fig.3 is the Fnfel Pi 8nEheyr ADi fbthi €RBnBRyLEFNS( PEASISHRIFEHFS Li-C
m xt ur ewWehhrbyeCa=13804 1. JheLlf-@WR@rﬁk%sr@@s éﬁ')sfﬁ -Er QI L QPM tenperature
to -250'C at 5C/ m nute; hydrogen pressure is atns. 28 February 2006 6
Fig.54 hﬁteheP@I:l opesatﬁonf (Kygrapbhheiont ati aBO%ct) 120fhavigdaid C = 1/ 1.
Sarrple We{;ﬁ is - gram Fig._ 5is thein situ XRD patterns of L.i-C
m xt ur "2 HREH wrb; %?6 eng( ke EiHc BeaprBpared, vibh Fi l@ BrRPOEESE after
PCl openatien ‘(,g]ygregg ath 180G a rked belong to
Li H, peak marked th # 2 |s@gr%{p%| te, ki nﬁggﬁg@ﬁ %§thn§| ?L%&ﬁlgﬁﬁlf_l Cl12,

mar ked WFperX @EeLLlﬂ%t@d Li®hers weld 490 ust t41GH Bis. wel | as substrate
Pt. Detailed Description of the Invention

Detailed Description of the Invention

10 ' Alkali metals are among the most active metals.
Alkali metals are easily oxidized if exposed to air under
ambient qonditions. The commercially supplied alkali metals
are-unavoidably coated with compact oxides or hydroxides.

- Thus, the operation of alkali metals is preferablyrconducted

15 under inert‘atmosphere. Mixing and pre-treatment of alkali
metals and carbon are preferably carried out under inert gas
atmosphere, for example, under an inert gas such as Ar or

. He, among others.

On a bench scale, an inert atmosphere may be
‘3‘20 provided, for example,-in a glove box. Sample transfer from
- the glove box to containers in a testing machine is ideally

performed as quickly és possible.

| In the present invention, a certain amount of
carbon is preferably added into the alkali metal, for
25 . eﬁample, lithium or potassium. Pre-treatment of the alkali-
C mixture prefepably includes: mixing the carbon and alkali
metal, and then pressing the carbon and alkali metal
together. Mixing of alkali metal and carbon may be done in
~a.variety of ways, for example,.by.pounding thencaibon-into
30 the alkali metal using a mortar and peétle or by milling the

carbon and alkali metal in a mill such.as a ball mill.




10 Al kali nmetals are anong the nost active netals. m%ﬁﬁ)ogre
easily oxidized if exposed to air under anbient condltlons

comercially supplied alkali netals are unavoi dably coated wi th conpact
oxi des or hydroxides. Thus, the operation of alkali metals is preferably
conducted 15 under inert atnosphere. M xing and pre-treatnent of alkal
metal s and carbon are preferably carried out under inert gas .atnosphere,

for exampegerundsr, ahe BEKEugaSsiSUGRJARS aAr h@tnog'é%eoagvag 95@%&%1‘301 a bench
scal e, an inert atnosphere nai be 20 provided, for exanple, in a glove box.
Sanpl e TPENBESENEr dim Ptfﬁéegfﬂl@ ¥ Bexret enél@m aiﬂﬁélts ghA. atmesbhrgernchi ne is

|deaIIyP ReLh armed .a ly.a present inventi

certain gnountbof ec%%%EEEFSXSrQFeEE%FB gdgeg Ehe 8rRarH rﬁePgl for 25
exanpl e frim hbomcod pomassi aboubr ot neat aents . of the alkali- C mixture
preferably |ncludes n1X|ng the carbon and al kali- netal, and then pressing’

the arbon and al nEtg Hﬁé? NIX|n of al kal i, netal and car bon

e done in - l‘ 98 i ?§n8f to apgrt gafpreit By PROLARUPAY t he
car bon thbe 3Qtbhacakkaki bERkabnusing1a- ﬁteHa;aJ aaadcpeét:h@ QLrBYgm I 1ing the
carbon and al kali metal in a mll such as a ball mll. 28 February 2006 7

Pr ef er aBE§ tFﬁétﬁ?%FurénF§rﬁﬁHéoasbﬁ@wegénééhglasmpesé|bhé C Theldixing is
pref erabLy,gene upgder ~LRELL -9 r [ ture is
preferablyudonenun er “a pre gsggegﬁpggﬁggkgg o§?§§a ?Qr t's ag%ﬁt 10, 000 at ms.
5 Wthoatkbéing hetdrtelanydthempyunde i anbel pevedkal hakhetAler acti ons
betfﬁen algall netg and C ?ccui during ) \

carblides or example, 1th1um carbldes, LisCy or LiC,

possess the face-centred structure, which is different from

Li and C. Alkali metal carbides are usually prepared by

decomposition of éﬁb in the present of alkali metal at a
temperature around 300°C or by calcinations of alkali metal
15 and C at elevated temperature. In the present invention,
the alkali-C compound found in the alkali metal-C mixture is
an alkali metal-C intercalation compound. For example, as
- shown in Figure 5a, the XRD characterization of an as-
prepared Li-C mixture demonstrates that there exist LiCg,
20 LiCﬁ, LiCys and lithium metal as well as minor amounts of
Lizo-& LiOH. Pure carbon structure is very weak. The Li-C
Aintercalation compoundé possess a similar layer structure as
- that of graphite but with broadened layer inter-space, i.e.,
the interlayer distance of LiC¢ and LiCi» is 0.370 nm and
- 25 0.35 nm, respectively. Potassium also forms K-C
intercalation compounds, for example, with formulae KCi, KCi4
etc. Like Li—C interaction compounds, the K-C intercalation
'rcompounds also possess layer structure with eveh bfoader

interlayer_distance {~0.51 nm).

- 30 . 'The mixing and pressing of carbon into alkali
-~ metal at ambientetemperature~and~inertmgas atmosphere
preferably results in the formation of a series of alkali-C

intercalation compounds. The method of forming alkali-C



pre-treatnment. Interaction between alkali nmetal and C qu#%”“ég%%bé in two

categories of conpounds being fornmed: 1) alkali-C intercalat conpounds;
and, 2) alkali metal 10 carbides. For exanple, |ithium carbides, Li2C2 or
Li C, possess the face-centred structure, which is different from Li and

C. Alkali netal carbides are usually prepared by deconposition of C2H2 in’

the present of alkali nmetal at a 15 tenperature around 300C or by

cal ci natirs cof ikl ieofiphahdsatd Endl pekeuatednlenperat ye In the present

invention, the alkali-C conmpound found in the alkali netal -C m xture is
an al kaldl fhsrgintc fireme teadatiionadomesbnds For whkahphékads shoah-Cn Figure
5a, the char rzati f a s-, prepared Li-C m xture,denonstrates
t hat the(?éeRBe'xiﬁ'gt %Elto%GlK % Eﬁé%f,ca ia%fﬁl §88.BP|HP ?uﬁfﬁe?%flgﬁgsﬁéﬁig?as ni nor
anmount s fofr exb21&, Lb@HreBute ngaehapostituat Uk ok SKVRE¥hweakbodhgtLi - C
intercal ation conpounds possess a simlar |layer structure as that of

gr aphi t 8168t “HPRIBLE&GeREd PYaler tingethgpadbali~6. mixEnge| atehiaher

di st anceefibekla€8randhye3. 158 BratQ,pm and 25 0.35 nm respectively.
Pot assium al so forms K-C 1 ntercal ati on conpounds, for exanple, wth
formul ae. KC8, KC24 etc. Like Li-Cinteraction conpounds, the K-C
intercal ation coApolihdsraksenpodswsstliaper csrtbostmatewnibhseyénabyoader

inter| di -Q.5 30T ] XI d ' f bon int
kel | reerar oy BETREet "ok s, B e ERAP Kot GHE At WOpRELeC CRef or abl y

resul t sfiromt hbef groapi conef saingr b€sgehpBlkal i c&rbbAt gagatabéon conpounds.

The Hethod of formng alkali-C 28 February 2006 8
1 carbon fibres; carbon nanofibers, Carbon powders, fullerenes

and activated carbon. Graphite, carbon powder, activated
carbon, fullerenes and carbon fibres are commercially
available. Carbon nanotubes and nanofibers can be obtained

accordingly the previously reported methods [10].

15 Without being bound by any théories, the formed
alkali—carbon intercalated compound seems to be a catalyst
for the hydiogenation of alkali metal. As illustrated by
Low-Content Hydrogen Temperature—Programmed—Reaction (LC-

- TPR) (Figure 1), on which diluted H; (10% H, + 90% Ar) was

20 used as reacting gas, the hydrogen absorption by Li-C (for
'instance) occurred at temperature lower than 150°C; for pure

lithium, the apparent hydrogenation began at temperature

around 550°C.

The degree and rate of hydrogenation of alkali
25 metél in the presence of carbon seems related to hydrogen
- pressure. The LC¥TPR was conducted under a hydrogen
- pressure of around 1.0 atm, and the hydrogen absorption peak
wasrcomparativeiy weak. To clarify the relationship between
hydrogenation degree and pressure, we performed Pressure-
/30 Composition-Tsotherm (PCI) measurement_at 180°C for Li-C
system and 120°C for K-C system. PCI is the commonly used

method in evaluation of hyd:ogen storage capacity in metals



intercal ati on conpounds of the present invention is di$de&s0ir068n
traditional nmethods in which alkali netal-C (e.g. Li-C or K-éy

i ntercal ated conmpounds are synthesized, for exanple, by reacting
evaporated Li or Kwth carbon at high tenperature or by heating the

al kali-C m xture at high tenperaturegunder high pressure. In the present

i nvention, carbon materials of any form may be used, and are preferably at

| east ope sehatdt 8d1oLE0MthegLauR CORS] g%%ggu% gﬁggggggd ¢angon

nanot ubes, 10 carbon”fi bres, carbon nanofibers, car ers, fullerenes
and act hystregecanbenrpGiaphind, dearbphipowd®he acti vasedtscarbon-C

full d bon fib . Lall ilable. Carb t ub
and nanoIBOrs “Ean B0 GHEATRE L ol CAPGPrOL y ThoCRPebPoRSPy FRpbrERR et ho

[10] . 13pWbtheubnbeing beundshysapyatheeci-estithesfinrimad +al kaki - carbon
i ntercal ated conpound seens to be a catalyst for the hydrogenation of

al kaPi FBPARCLAEIPEILGST PAL BEtBYSLowhEoht eAn Fpdmogenal hydrides. In
TenperaEH%e-géggﬁggngg-ggag%lgntgLQEOng%’(Ehgu#ﬁl%%, ggighbgh diluted H2
8 r 3 g’ gas ya

(10% H2 + 90% Ar) was used as reactin ) e rogen absorption by
Li - C (f &/ (LinSt ancefeoecedr kedaat X{ emerabsea Lonenrihaandi5@€achea pure

Iithiung gge ﬁggarent hydr ogenati on began at tenperature around 550C. The
degree and>r a8 oPohyHRbgRREEFBRSoF2RPRal RPS95PREL BVArRIBReIpfEveRte of

carbon seessthel akedite BydnogaiuR’ 8a8UESrmdAerhEndRRL YA condyct ed under a
hydrogen pressure of around-1.0 atm and‘ the hydrogen absorption peak was

compir afP¥EFjoneakAs Terebanrtyreached 209 oRSHi pwbécheéa chydiedgehation
degree ﬁ@gt8535§9535u¥@,pgﬁgoﬁp?ﬂifﬁ?sfHégeased to 0.55 witﬁ
: preséure almost unchanged. After that, the H/{Li+C) further
increased to 0.7 with pressure increase to 550 PSI.
Converted to the hydrogen storage capacity, the molar ratio
15 of H/(Li+C) = 0.7 is equal to 9 wt%. Intelligent- '
- Gravimetric-Analyzer (IGA), which also cohfirmed this result
.(see Figure_3), measured the weight variation of hjdrogen
absérbed (iﬁ mg) during hydrogenation under 6 atms and at
-temperature from 25°C to 250°C. The PCI measurement of K-C
20 system conducted at 120°C, as shown in Figure 4, shows that X

could reach 0.43,.Which means .that 80% of X is hydrogenated.

| The XRD measurements were done on the as-prepared
Li-C (Figure 5a) and Li~C mixture after hydrogeﬁation
. (Figure 5b). It is clear that after hydrogen absorption at
25 '180°C, almost all Li metal waé converted to LiH, and the Li-C-

| intércalation compounds, i.,e. LiC¢ (situated at ~20=24°) aﬁd

- LiCys (26=25.2°) etc. disappeared and a pure grabhite phase
(20=26.2°) waé devéloped. This result further demonstrates

.that with the addition of carbon, LiH can be sucCessfully

30 synthesizéd at a.temperature-lower than 200°C.

The alkali/C molar ratio may be adjusted to

include more or less carbon. More carbon added will

Bor tBA et hods o




30 . Conposition-lsotherm (PCl) neasurenent at. 18.0C. _ stem and
120C for K-C system PCl is the comonly used nethod |%@g?/lg+lﬂ tzlogﬁ of

hydr ogen storage capacity in netals 28 February 2006 9 or netal alloys. It
nmeasures the pressure changes during hydrogen absorption and desorption.
The PCI results of Li-C sanple are ijdustrated in Figure 2. It can be seen
that the absorption |ine possesses characteristics si mlar to the 5

char act gidcghiceat@f tHRt %ly%,ro\@@n%tal%n ] %&:@J ?1 dridgenhe pressure
range of O to 100 PST, fhe nolar ratio. of Li + re gr gto as X,

i ncr eas@@slolr@éapm capd cridgachidd the. ¥holbureilig ltihat Hpnﬁssﬂ@rasr ange, absorbed
hydroger&ogllS i_nt o tD lattice of |ithium.and forned randomlLi-H solid

10 sol ution. 3¢ br 885 (PEPFEAche 4TG0 BEPCIWH A ' Ca3°6d e  pl at eau

pr essur gydrbeerl (sl:bt@);el Repeased toeh o Wd Rvdd asswie aldmst ferchanged.
After_ that, the H (Li+C) further increased to 0.7 with pressure increase

to 580 P$rC S@éﬁ\%lrté‘dhﬁ’élrloﬁénh?&roé@@ﬁ @W@é%éﬁﬁa@wt tife Sfolb@s ratio 15
of H (L&), acglquea)egﬁ%l 5h%h?l¥ elnma%l I | (liaa%) netric-Analyzer

(1GA), which also confirme uIt measured t he
wei ght waidké&t ved yos lbywdr ogen absor bed (i n ng) dur| ng hydrogenati on under 6
atnms and at  .tenperature from 25C to 250C. The PCl neasurenent of K-C .20

syst em conduct ed 120 as_shown i ure shows t hat oul d reach
0.43, which msans%%ﬁa%ogg%wépgKSP§cﬁ3%dFo% é@s e iﬁﬁvr’réégu é)rrent s were
done onithesasapeepacednvehtCobli gutewidall #Rd ulbideEsFotid)r @ cakies,

hydrggenatl on (Figure 5b). It _is clear that after hydrogen absorption at
25 $80ctharnbhe éP?CEEElﬁ’efiﬁFaM§ géiiger flad epehL isAmpdied hefre bee

selected for purpose of illustration and are not to be
construed as a limitation on the invention. Generally, the
experiments were conducted under similar conditions unless

noted.

15 Examples
Example 1:

60'mg graphite was mixed with 350 mg lithium
metal, and then the mixture wés pounded with a pestle as
homogeneously aé possible. After that, the pounded mixture
20 'was pressed into pellets for testing. 300 mg of the above

pellets were put into a PCI sample container for Auto-soak
meaSurement at 180°C and 30 atms of pure hydrogen. After 3
.hours of absorption, 33 mg of hydrogen was absorbed. The XRD
measurements show that the product only has LiH, graphite

25 and weak TLi,0 phaées.
Example 2:

120 mg of graphite was mixed with 250.mg lithium
metal theh the séme procedure described in'Example 1 was
' followed. About 30 mg of hydrogen was absorbed with
30 hydrogen storage capacity of 8.1 wt%.

b




intercal ation conpounds, i.e. LiC6 (situated at -20=24) 2@pdprukiyFods
(20=25.2) etc. disappeared and a pure graphite phase (20=26.2) was

devel oped. This result further denobnstrates that with the addition of
carbon, LiH can be successfully 30 synthesized at a tenperature |ower than
200C. The alkali/C nolar ratio may begjadjusted to include nore or less
carbon. Mre carbon added will 28 February 2006 10 accel erate the
hydrogeﬁggﬁﬁgergge, conprom si ng hydrogen absorption capacity if the whole
alkali-C mXxture is .considered as sorbent. Less carbon will increase the
hydr ogen storage capacity even up to over 12 w% (e.g. for Li-C.system a
hydr ogen storage g4Pavngtgyfofrapbutel@as%uhasd been hédimyedf but the

hydr ogen. absorptipn.ra is . relatively slow. The.follow ng specific
exanpleglggéu%r%$£a%d %geniFP%S??Q?ePFﬁ8e9H58n??oﬂ?amPgﬁﬁElwﬁ under st ood,
however folOokbatl thewspestfhgadetahl §a9i ¥8BokBegach sanpl e have been
selected for purpose of illustration and are not to be construed as a
Iini%ation on the invention. Generally, the experinments were conducted
under simlar conditions unless noted. 15 Exanples Exanple 1. 60 ng
graphite was mxed with 350 ng lithium netal, and then the m xture was
poundedgiidb; & pestl e as honbgeneously as possible. After that, the
pounded m xture 20 was -pressed into pellets for testing. 300 ng of the

above pellets were put into a PCl sanple container for Auto-soak
_ 0 mg of multi-walled carbon nanotubes (with

average diameter of 20 nm) was mixed with 350 mg lithium
metal, then the same procedure as describe in Example 1 was

10 followed except that the absorbing temperature was changed

to 160°C. About 4 wt% of hydrogen was absorbed. When the
absorbing time was prolonged for 12 hours, 9 wt% of hydrogen

was absorbed.
Example 5:

15 60 mg of activated carbon was mixed with 350 mg of

lithium, then the same procedure as described in Example 1

' was followed except that absorbing time was 6 hours. 9 wt%

of hydrogen was absorbed.

-Example 6:

20 : 240 mg of graphite was mixed with 780 mg of
potassium metal, then the same procedure as described in

Example 1 was followed except that K-C was exposed to
. hydrogen atmosphererat‘120°c for 4 hours. About 1.5 wt% of
- hydrogen was absorbed.
25
To .those .skilled in the art, -it is to.be . -
understood . that many changes, modificafions and variations

At



measur ement at 180C and 30 atis of pure hydrogen. Aftersgrehif

absorption, 33 ng of hydrogen was absorbed. The XRD neasurenents show t hat
the product only has LiH, graphite. 25 and weak Li 20 phases. Exanple 2:
120 ng of graphite was mxed with 2..50 ng lithiumnmetal then the sane
procedure described in Exanple 1 was ifol | owed. About 30 ng of hydrogen was
absorbed with 30 hydrogen storage capacity of 8 1 W% 28 February 2006 11

5 Exanp 0 o} i ; o] tal,
Chon TG iate o Baadur soa B Bt Mmoo et F 3 e belof CbH BEen was
absor bettheEpaspket 4ingenhijoonf aputiaimalll edreanbdhenanot ubes (with average
di aneter of 20 nm was mxed with 350 ng lithium netal; then the sane
procedure as describe in Exanple 1 was 10 foll owed except that the
absorbing tenperature was changed to 160C. About 4 wt % of hydrogen was
absorbed. Wen the absorbing tine was prolonged for 12 hours, 9 wt % of
hydrogen was absorbed. Exanple 5: 15 60 ng of activated carbon was m xed
with 350 ng of lithium then the sane procedure as described in Exanple 1
was followed except that absorbing tinme was 6 hours. 9 wt% of hydrogen was
absor bed. : '



Exanple 6: 20 240 ng of graphite was m xed with 780 ng?é ok %wm met al ,
then the sane procedure as described in Exanple 1 was or? except that
K- C was exposed to hydrogen at nosphere at 120C for 4 hours. About 1.5 W%
of hydrogen was absorbed. 25 To those skilled in the art, it is to be
under st ood that many changes, nodifigations and variations 28 February 2006
12 coul d be made without.departing fromthe spirit and scope of the

present Ré@gggﬁbgg as clainmed hereinafter. 28 February 2006 13 References 1.
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February 2006 14 CLAIMEhod. fdr MRhERSLf06rSyNtNeshs WfardBe abdaphrishyglr i de
conprising: formng a substantially honbgenous m xture of carbon and al kal i

net al par an, i t aS at nosphere an a | ent fature
P easi hg. CoftTR HI0HeAl A I RS B IR O e BE (BFBaR it pOBEL
at nospher Be&Hd Panbi ehas Pé@%lﬁat pextt @aﬁo@m@@harkaﬁnd @ﬂb:@ﬂ:tound of the

al kal i metahperafdre&xposi ng the al kali-C conpound to a hydrogen contai ni ng
at nosphere at a terrperature from25 to 600 C and a pressure of 0.1 to 100

atnms. 2. The et hod. erein the alkali tal is ljithiumor
pot assi unf* %SsmgTﬁamr.irgt ﬁ%‘gm’?fl Hgé\\qfﬁmfge%%sr SRR ug“é?’boaﬁl r8%Fh $3Fe form
of graphi panosphebe rensowdeientc Setwerraftivpe ey foambam aikabdi-tbesmpaund wifl er ene,
or activat®d ;0&kPPMetal, and

exposing the alkali-C compound to a hydrogen containing atmosphere
at a temperature from 25 to 600 °C and a pressure of 0.1 to 100

atms.

2. The method of claim 1, wherein the alkali metal is

lithium or potassium.

3. . The method of c¢laim 1, wherein the carbon is in the form
of graphite, carbon powder, carbon fibres, carbon nanotubes, a

fullerene, or activated carbon.

4, The method of claim 1, wherein the alkali-C compound is
an alkali-C intercalated compound with formula of LiCg, LiCip, LiCas,

KCg or KCo4.

5. The method of claim 4, wherein the alkali-C intercalated
‘compound is formed by pounding. carbon with alkali metal under inert
' gas atmosphere then pressed into pellets under pressure from 1 atm

to 10000 atms.

6. The method of claim 5, wherein the inert gas is Ar or He.

" or a mixture of them.

.7. ' The method of claim 1, wherein the alkali metal and the

carbon are in a molar ratio of from 5000/1 to 1/200.

8. The method of claim 7, wherein the molar ratio is from
- 500/1 to 1/24. '

9. 7 “A-ﬁétﬁdd“fbr stofihg.hjdfoééh éomprisihgmexpééing a solid
sorbent comprising an alkali-carbon compound made in a method

Al




g

4. The nmethod of claim1l, wherein the al kali-C conpoundsj li-C
i ntercal ated conmpound with formula of LiC6i LiCl2, Li Qﬁ§%%8§ggr?id|§g24

The nethod of claim4, wherein the alkali-C intercalated conpound is
formed by pounding carbon with al kali netal under inert gas atnosphere
then pressed into pellets under pressupg from1l atm to 10000 atns. 6. The
nmet hod of claimb5, wherein the inert gas is Ar or He or a mxture of them
7. The nettmdisfing|@iemstepsvodr € mitnge aabltad tanned Aly anﬂocjé"r@uscmi)bmreare in a

nol ar ratpg c%frbf)fzoéﬂcﬁgQQéﬂj. tRedd %%Qtlgles ﬂﬁ%e?‘?éx{‘%e% Qﬁgséﬁﬁ'g}@r ein the

nolar ratio is from 50 to 1/ hod tor sto i/)boen
conpri si ngP e EIBi PRy t&@%ﬁ@”soﬁ“%ﬁ@e&oﬁiﬁﬁ%%f@ﬁ &P]R%"Hntéai n conmpound
nmade in ahoeideadu? Snixehrelainie2 06 zla'értcgﬁmraltﬁbﬂgletxﬁeaﬁcﬂ ep®iehtformng a

subst ant | i, OIRISAOUS X Ui oy O SBERONAR Aldkal s kgl pardd ¢ es

under an I'n gas atnosphere terrper At dr e ressing
sai d subskwinogah| ytmdsphee rausempedatinee underoan nept 7¢gasCatnizsphet e and

anmbi ent  tenperatiy &.Losfq man alkali--C conpound of the alkali netal, to
a hydrogen at rmsphg)rre at tenperature of from25 to 700 C under 0.1 to 100
at s pressure 10. The nethod of_claim9, wherein the netal is |ithiumor

potassi um9+11. The Th&t REEEQS of| G13A™ - wHeersia £he mekphols ilSthAURIRE form of

gr aphi t e, paakbodn powder, carbon fibres, carbon nanotubes, a fullerene or
activated carbon. 12. The nethod of cl ai m 9, wherein car bon is pounded w th

11. The method of claim 9, wherein the carbon is in the form
of graphite, carbon powder, carbon fibres, carbon nanotubes, a

fullerene or activated carbon.

12. The method of claim 9, wherein carbon is pounded with
alkali metal in an inert gas atmosphere then pressed into pellets
under pressure from 1 atm to 10000 atms to form an alkali-C

absorbent.

13. - The methed of claim 8, wherein the alkali metal and the

carbon are in a molar ratioc is from 5000/1 to 1/200.

14, - The method of claim 13,. wherein the molar ratio is from

-500/1 to 1/24.




al kali metal in an inert gas atnosphere then pressed inbgraglh&isogunder
pressure from1l atmto 10000 atns to forman al kali-C absorbent. 13. The
met'hod of claim8, wherein the alkali metal and the carbon are in a nolar
ratio is from5000/1 to 1/200. 14. The nethod of claimi13, wherein the
nolar ratio is from 500/1 to 1/24. 1@#BSTRACT Al kali metal -carbon
conpounds nmay be forned by mxing an alkali netal wth carbon. Such al kal
met al - carbon conpounds absorb hydrogen at |ower tenperatures and nmay be
useful as hydrogen storage materials in various applications, such as in
hydrogen fuel cells. Figure 1. ‘

ABSTRACT

Alkali metal~carbon compounds may be formed by
5 mixing an alkali metal with carbon. Such alkali metal—
carbon compounds absorb hydrogen ét lower temperatures and -
may be useful as hydrogen storage materials in wvarious

applications, such as in hydrogen fuel cells.

Figure 1.



