28 February ZQQQ METHOD FOR ALKALI HYDRI DE FORMATI ON ANE@ ,,,,, _
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
contents of which are hereby |ncorpoﬂated by reference. Field of Invention
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 28 February 2006 2

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



reaction can be maintained and continued spontaneously a8 Feii&Gidosgl rate
until the synthesis is conplete. In the |aboratory, the hydrogenati on of
lithiumis carried out in an iron container at tenperature above 600C [ 6].
The conventional preparation nmethod of KH was by reacting nolten K wth
hydrogen at tenperature higher than 200C. Hydrogen-based energy is the
cl eanest energy source and will play a great part in the energy

const r uetkeniohnchhi beCRALHEXinBEVEhaPEBAL i BhehydpogeaAnsbasagearedi umis 10
rtance and research on this area is quite active throughout

of great inpo

thegmorPHgggﬁﬁééaV§FetH@ﬁélaﬁéeféﬁﬁt§?§éénﬁsf@Pmﬁ9§F@genInstb@age [7,8]:
Liquid 1y, CO e Sj:+LEYQ-ads L t and,
Veral nudrPaaelr e tRetBORoREARIEN U501 CRLAR BOSOLEELEN, BXE B (o

hydr ogeanoireanmpbassedechydtogenpaastuaceappst! yobar |&r gergcal e 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 plications, hydrogen stored
in sol dw§¥§thyﬁﬁ?8?Pan LEBRETAGURE Pﬁ8ﬁ8ﬁ|§358|%§86h: 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

G diti ; . vt b
hy achiaySREE e Ry e RO S A oS a e L g BRALIR £ ™ "
crilPcabfcondati bmporeguieednficeyegenth ocotliti ansy. 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).



28 February 2006 3 Metal hydrides are the commonly used

hydr ogen storage. Hydrogen is chem sorbed by netal or n%?g?tgrﬁﬁﬁloﬁ;ogé to form
correspondi ng netal hydrides. The advantages of this systemare that the
absorbing or desorbing of hydrogen is carried out under noderate
conditions (tenperature & pressure). T hydr ogen storage capacity in
ternms of volunme is relatively high. The disadvantages of this systemare

t he expensi ve nat erilalal dlydwiddd reti tse anshnbhey| ovedtsgsages capacity in
terms of Meu@en IBSrdRceniatéfui ikOEnSR frivald Beshanat benmdtsall ha1oys

sear chi nggd Ofo&@EQPPe%QQnH%@E&lah§dr@é§on thk bweant%agpogf 1ot ubes,

activat ed car b bon an er énes idates for this

U pose. RGO dEE palr ¢ dE SR Ip bl T EHER AP oS h YRR U [ ERE pr esent
i nvent i on®%% &R §d?%‘gee‘r‘?t§t SPﬁﬁ’é‘loéépéE‘?rﬂRFriaﬁuFﬁe%eprr?é;tsélr?bi s W& never net
practi cal hydyogen] atoRrdeecasani yinoterme dihvehtieoniAcedrtivelt diighe aspect
of the i Mitentdisadvaiergesi 81 pioyisyeden amd e Eopersyivichasteriofl  aslakkal |
hydride cermdisksngad (1 ToRUs@orsdRstapiéaly Y nheapgenauge it ure of carbon
and al kali netal particles under an inert gas atnosphere and ambi ent

tenperature; pressifg %@!cgréL#H%Bﬁ”%b@'rbé‘tef}‘}??g&@&%a@&éf.U{§ d4rder an inert
or

gas atnos he rafure to corrpound of
t he al kal |elo'51 §1an e&rpgglrnant%a rQ:)dIe IL‘ corrpoundnto aeﬁydrogen cont ai ni ng

at mospher¥natugR eferﬁfé?ﬂéﬁaﬁﬁ‘é ‘?ar%nzén‘f‘of‘éd@rensﬁd e c-prEs s iseredi2t o 100
atms. A mAndddabés fimmithgs apuriicsal. i Numerndus papbon leowpbeer mddpsheiing '
m Xi ng cardn]w biic amtdllkahe preisaht Aceortdiong tloe a’f}@itrbgénm&@ffgeof t he

i nvent i onsaghligee 115 tHRkavhded ia1gehhothdrlr supthasdaicad api@dkal.i netal
hydride conprising contacting nethod for storing hydrogen conpri sing

exposi ng ;i8¢ 5EnaaLPeR! ROk Pgnan al kali-carbon conpound nade

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.

k]




in a nethod conprising the steps of formng a substanti ggFypruBgER@gnous

m xture of carbon and alkali metal particles under an inert gas atnpsphere
and anbi ent tenperature, and then pressing said substantially honbgenous
m xture under an inert gas atnosphere and anbient tenperature to form an
~al kal i -C conmpound of the alkali netal,;to a hydrogen atnosphere at
tenperature of from25 to 700 C wunder 0.1 to 100.atns pressure. According
to third aspect of Ak dagsehesash Hereheris iydrpgewidedagemeetrdadf storing

hydr ogen E&ﬂﬁﬁb@h@gaQQﬁkggltﬂglQ%mp@hgfﬁézﬂﬁ%%h fA0N COPpEUI Wi th

hydrogen to forma conmposition conprising al kal'i netal’, carbon and
hydr ogen. W%@Bruary 2006 4 Also disclosed hereinis hydrogen st or age
mat erial conprising a conposition conprising alkali metal, carbon and

hydrogen. Al kali net@aladiahecslen®@at 81bhaitd1i8e& aupclo@b thsr cReriodic
Tabl e of EI ements, for exanple, lithium(Li), sodium ), potassi um (K)

or cesi unfFeOfLC Fakligy o Bl emsfitste FPE X TR Son  Hetidi 4EihmyS¥E Weed in any

form for(exampbeassi@gmapki téx Es¥ikan (OaNOt uhesnd Gardienppeyeiafeqd.act i vat ed
carbon, carbon fibres or car bon nanofi bers. The nol ar ratio of alkali

netal to carbon |n({ﬁr aIk taI carbog r}d is referabt%from
about 5000:1 to abotft™°% g‘afﬁr%ef et°ab1 9 f rﬁ’m 268But T FFAPLBr about

1: 100, ev@mpmte, q:m@ber admhcytdl:re@m aboidn Fidr} actidted: Sdkbcand yet nore
pr ef er abl rbohogi@rbout 500;.1 to ab9 t 1 24. Al kal i -carbon conpounds

(" Al kali -C conpoun ss'or %'Er“é eraalny Fetet to alkali netal--C intercalation

conpounds. For exarrple conpounds of fornmula of LiC6, LiCl2, LiC24, KC8,
KC24, etc. When al Raki ngdaomaddndef arikadyiposedl tto gahiydn oigerchecehkalini ng

at ”DSphernﬁettakﬂgcﬂM icbgpmqléngﬁ?e@&s%ﬂ Q¥gﬁl0£)%t 5000:1 teo 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 frbm 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 ' '




Surprisingly, hydrogen absorption in a process of the ppgpghiaryJteention
occurs at a lower tenperature than in processes of the prior art. A
process of the present invention is performed preferably at a tenperature
from about OC to about 700C, nore preferably fromabout 25C to about 600C,
even nore preferably from about 50C ts0 about 500C,. yet nore preferably '
from about 50C to about 300C. Also, the process is preferably perfornmed at
a pres ) t iyt o] 0 , re Jref erahl from
about O.S#rngtﬁcrﬁ%(? a oﬁo gdécjmaéta'rrzs,Alg{\'/agtﬁL lrrr'[%ertjeaqprh ffe%rﬁéjﬁelngsf rfg)r%%ea out )E{‘e28

Febr uar p1r20365 athypdrogdowt da@gat ref ndldealthametldl witpdmage bes formed in the
process. Fydr%%Fn stqr.a of. mgre than 10 wt % may be achieved,

par ti culPSF Iy YT LPSE Y e IdeSoS¥St6/Sof hydrogen from the

hydr ogenated al kali-C systens can be achi eved either by heating the
materials at trerpelediotir ilaneE hiedyeno 140 enePhetiebakytldom 100C to
1000C or by hydrolysis of the material with water. Additional features and
advart agesadil The Vel smsy et & wichiieyeds ed thert byi heaidndeddrs ption t hat

- follows nd _in part will be apparent fromthe ri,ption_or may be
lear nedhﬁf%ﬁﬁgcltsi 8% E}Fﬁkpﬁga?,lf\ygnﬁa © Frote Oy &P; i?%ﬁn@f abEeTeBAR i ered to
be in the 5cqp@e6f & hepi i j&cls er_.advant.gges of the
invention wll be reaf?ggﬁfglqug% hglflaqolﬁle%%yoﬁ ﬁge}l%sﬁa&cefrul?dgl pwalr 6flgcul arly .
poi nt edwetteri.n the witten description and clains hereof as well as the
appended drawi ngs. Brief Description of the Drawings Fig. 1 is the

Low Cont ent Tenperat.ur e- Progr.a d- 20 Reduction spectra of: (a
Li - graphite nigPuégdﬁﬁgﬁnEg?éggggres and a vantageg of the - (a)

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
con;idered 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



10/ 1; (b) Pure Li. The tenperature was raised from rOonggpgt;]zgg,{y%gge to
700C .at 10Cmnute. Fig. 2 is the Pressure-Conposition-I|sotherm (PCT)
results of Li-graphite mxture with Li/C = 7/2. The 25 operating
tenperature i's 184C, the weight of Li+Cis 360 ng. Fig.3 is the
Intelligent-Gavinetric-Analyzer (IGA) spectrumof Li-C mxture with Li/C

.= 10/1. The tenperature was raised fromroomtenperature to -250'C at

5C/ ni nute; hydrogengpbr @ssHr enkSpc eégﬁit2§fFﬁbEy%pM1%@0ﬁa§erfég aft s the
PCl result of K-graphite material at 120C with . Sample weight is

- 1.0 giadfC Rith 5KiG # hk/1n Saipl XRE: patit erois~ of . . gr&m xture. with Li/C
= 10/1. (a) Li-C as prepared, (b) Li-C mxture 5 after PCl operation

(hydrogenation at _180QC). heﬁgeaks marked with * bel ong to LiH peak
marked with # is GrdphPt &5 thEr kBdSHFEhXRDj BafFesnanafL FETS, mﬁéﬁkéa with X
is Li npteh.Lifthersoane kh20r,and hb%éﬁa\ﬁ@!ﬂ' 28) SUpSEr gt e Bl Detai | ed
Description of the Invention 10 Al kali netals are anpbng the nbst active

nmet abs. afkkaPCInmepakataoe ehydkygexadi@ﬂdatf1e&fID)Sed Tioe apdakinder anbi ent

condi ti ons ghe comrercially s g plied alkali netals are unavoidably coated
with coftphkedo%ibBs oPehgRPokPdlill; FRak mpRkedp¥ikhi 6nisf gapRALFenetals is

pref er aphykeqndueted 13 gnderaddefic.at ”H§912§ae Mixkngsapd peesjreatment of
alkali netals and carbon are preferably carri eé out under 1nert gas
. at mosphehersfareekarpland UnddH am vigldr tagasulsuctatas Pr. or  He, anong
ot hers. On a bench scale, an inert atnosphere nmay be 20 provided, for

exanpl epoi g 29! Q¥E boxy ; SATDEE fLansleh - [LgM the gl ove box to containers

in a testrngrnachrne—ts tdealty

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.




performed as quibkly as possible. In the present invent in
anount of carbon is preferably added into the al kali n%?gFM%?ﬁﬁﬂgg

exampl e, lithiumor potassium Pre-treatnment of the alkali- C mixture
preferably includes: mxing the carbon and alkali netal, and then pressing
t he carbon and al kali netal together7 Mxing of alkali nmetal and carbon
may be done in -a--.variety of-ways, . for exanple,..by .pounding the

car bon iprede3@bntihe &h&ahhxﬁﬁké|1@3m@aeaa@Dhb&bg%ﬁ@oﬂ%shgepeés@%l@‘||'n9 the
carbon and alkali netal in a mll such as a ball . 28 February 2006 7

Pref er abP§, PR Ng deuPEefsraRdE é@nﬁo#ﬁééﬁeé@§r§sg@@s@tmbéphefhe mxing is
refera e S e, | the mxture_.is
p @Eﬁs@@ﬂg wadep ;LRQLL 9a g?%?g§$ % donb %%% ?g}tgrgggﬁfe

preferably don er a pressur about 18f000 at ns.
5 VVthoﬁtomeabguheﬂdatm anyabheor y0,000i sthel.i eved that interactions
between al kali netal and C occur during pre-treatment. Interaction between

alkagl netal and resulb &a t wo cate orles of conBounds bei ng
fornmed: 1) al kal OH ePEaldt B81olBotRys t §ﬁayf2}taF§a Plae¥sf 10

CarbldEShaEO&neé@ﬁEonnblb@tugbﬁaé@kgﬁi1mhka§2aﬁﬁ b'gbcu908§§§ﬁ t he
face-centred structure, which is different from Li and C. Alka?| nmet al

car bi deBY&rEraLBERY - pLEparagthyn H@é@ﬁp@sﬁﬂk@&lometaHzand €heopldsent of
al kal i HEEﬁhtaEnat%é EQgB?B?RQEe graufy o%ﬁﬁg Bresé ga'c'aathgns of alkali

netal and C at elevate eraturé. Avent t he
aIkaIi-€1k@hpoqndnteundlanedheomphahﬂsmehau szlauﬁaellﬁetam al kali metal -C

i ntepcal at conpqu For _ exa as shown in Figure 5a, the XRD
cha?gctg?Fééa?ah 0 oﬁneﬁgmpb?Ep EBlEW EARPxtEFe HéromSir 2165 that there

exi st Lp&bsess 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
rshown.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

intercalation compounds 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
'Vcompounds also possess layer structure with eveﬁ bfoader

interlayer_distance {~0.51 nm).

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

intercalation compounds. The method of forming alkali-C



20 LiC12, LiC24 and.lithiumnmetal as well as m nor a”“%ﬂiﬁdﬂﬁa g%gg)&.L|CH
Pur e carbon structure is very weak. The Li-C intercal ation cofnpounds
possess a simlar |layer structure as that of graphite but with broadened

| ayer inter-space, i.e., the interlayer distance of LiC6 andLiC3.2 is
0.370 nmand 25 0.35 nm respectivelyg Potassiumalso forms K-C

i ntercal ati on conpounds, for exanple, with fornulae KC8, KC24 etc. Like

Li - C i ntienaeid20nta @M eeRgSuniiae of- @hbnb%%%@h@thﬁ@enEQBHOEQdS al so possess
llayer structure with even broader interlayer distance (-0.51 nm. 30 The

mi xi ng &id feresdi dgosf Leaddsd onatlomaltkakls inewhlcht adkblénneteimper at ur e- and
i t f | lts in the f ti f f
a1 S8 B BARST 58 BT onitive SHHe' FabRetPdr RbrnPHgarRARRIC 26 ¢

al kal i -C ‘i"ntercal ati on onpoun S.

Febr uar yfo20e&adpilet, e byalrabiceingorpapadatetl theopr RSRRthi BYEPbHOAtI S
diffgreg %a%h1trad|t|onal met hods in which alkali netal-C (e.g. -C or
K- C) ePCaltEEE TeSHEEURds Par BesfAtAeshgedl kat brCenanpnee by héﬁbtlng

evapor atedplira@%r WnhBrCALBAN 3L ssikgh tenperature or by heating the
al kali-C mxture at high tenperature under high pressure. In the present

invention, carbon materials of any formmay be used, and are preferably at
| east one sel ect edn th@nprhéegtompveohibstiqgrbéngmaphrielscafbany

and. 2ot FUAre0 Lo Bon= oty niht BT e B ELRLARICT BERTbarR CEAPRbRT

fuIIereﬁesmamﬁecgmbup tbheestang eamyeaghatby c@ysbhabéﬁotﬁﬁébpn nanot ubes
and nof%ﬁers C%n be obtai ned accordingly the preV|ousI¥ reported nethods
[1ojL 152WPPRoGtPhEFngBERAR B?naﬁﬂfb'?ﬁéorFéébo%lhlé‘?ﬁ"%?ﬁ’éd ullerenes

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



al kal i -carbon intercal ated conmpound seens to be a catal ¥$fehdiy 2066
hydr ogenation of alkali netal. As illustrated by Low Content Hydrogen
Tenper at ur e- Progr ammed- Reaction (LG TPR) (Figure 1), on which diluted H2
(10% H2 + 90% Ar) was 20 used as reacting gas, the hydrogen absorption by
Li-C (for instance) occurred at tenperature |ower than 150C;, for pure
lithium the apparent hydrogenation began at ‘tenperature around 550C. The

degree @pdnkabe 9110YdL0geNALLAN ol 2hKabEoo2h-HeLAboLR,! fE Rhgsence of

carbon seens relate ydrogen pressur was conddct ed under a
hydr ogehydpogssunbsofrpaioundnd. Geabtmptand.t fibehydiogenuabsopft LdACpeak was

conpar at_i_vel i

v weak. . To clarify.the,rel atjonship between hydrogenation
degr ee gﬁgp%éeggﬁré}Iﬁé%ﬁéFFgrﬁﬁd%bgggﬁu%e 3 t.@ﬁﬁpggiFFSH-FgaghEPﬁl (PCl)
nmeasur egBBbratioh8ike_bokskssbs syakamandsi20¢ EofiKaE systgm PC is the
comonly used nethod in evaluation of hydrogen storage capacity in netals
28 Fébr Garyagbesigtéesnetfamesriloysvhichneasufesnt hetplebydirédehanges during

hydr ogeppab i esarptiqn h Cl sul of Li.-C _sanple are
jIIustratedE?%gékggrgggggl?gcgnkgelggegs haFﬁghéogégoFﬁk%gnoFine possesses
char act 8/i{3i€C$, sraifkaretiotbhesbSxchanaeteseat i¢scat1pebalisrenbhel can form

metal h d&ideé. L n tge pressure range of 0 to 100 PST, the nolar ratio of
H (Li +C); tPef BAFEHTt 6785 RECFibF8ateddri ndarPyPardhyeaerss dalissepuring
that preasureneangeciabserbedthydnogen gbhhygedankphorthg Latgyce of
l'ithiumand formed random Li-H solid 10 solution. As pressure reached 100
PSI 10whpehkutiopal | B pPrRessprat saachedsstifePSThewhii¢hi #6) chhtedaskd to 0. 55

P aCESEEAEE BHIRh-TCDAROR g LT ARl (L2t
- pressure 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




Converted to the hydrogen storage capacity, the nolar r (Li +O
0.7 is equal to 9 % Intelligent- Gavinetric-Anal ygéer&zrg%xqmbv

aI so confirmed this result (see Figure 3), nmeasured the weight vari atl on

of hydrogen absorbed (in ng) during hydrogenation under 6 atns and at

.tenmperature from 25C to 250C. The PCgneasurenent of K-C .20 system

conducted at 120C, as shown in Figure 4, shows that X could reach 0.43,

whi ch mé%%%l’éli%tteSQ%{ethgﬁr‘o%elﬂ)é%ggle'}%tt%d R SRR S8R g{ %Iegl wer e done
on the as-prepared Fi'gure 5a) and Li-C m xture after rogenati on
(Fi gur e ablsprplttions C@Ipeazlltwhatf ahEerwhW@r @gmlabébmpmtmreatls% 180C, al nost

al | was canvert o LiLH _and e |ntercal atl on conpounds,
i.e. g)%%%fjteﬁgtde&s tsorg)&n%@ laLﬁﬁs I_Gaé%? aﬁhseappear ed and a
pure gr &ghllrb@felﬁh@i@ra@%oe&@a%ht%%v‘é@VQﬂpD&@j ovﬂi‘ S o Q\ﬁtl%l t(ef. gt ey

denonstrates that with the addition of carbon, LiH can be successful ly 30
synt Resi3el &Y 54 °Fenpe ORI owEP LEREN CROECL th e falabsiity G2mbiahasati o may

be ad] uskel LeniERELYdB aDEROh, LEsSGAthaR, Mg Gaphon added will 28

February 2006 10 accelerate th ogenation rate, corrpr om si ng hydrogen
absor pt redatapedivt ylok.t he whol e aI kali-C m xture is considered as
sorbent. Less carbon wll increase the hydrogen storage capacity even up

5. Soehas. boen aahrerdi oHinS: RS d so eI o R S o el

sl ow. Thelhelth:a\nnenghepeﬁkrfehelex;armhes wane RPlovinded sit@od,! heskralke the
invention. It will be understood, however, 10 that the specific detail's

gi ven | ﬁhéﬁcﬁh§aﬁﬁ?€1ﬁé€edﬁeéﬁl§egé€ﬁé‘d ifgeagly 568 16f Niavieudeeat i on and are
not to Belected 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 wes pounded with a pestle as
homogeneously ae 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 phaees.
Example 2:

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

b




construed as a limtation on the invention. Generally, bieeh@sReId0RENTS
wer e conducted under simlar conditions unless noted. 15 Exanmpl es Exanpl e
1: 60 ng graphite was mxed with 350 ng lithium netal, and then the

m xture was pounded with a pestle as: honbgeneously as possible. After
that, the pounded mi xture 20 was pressed into pellets for testing. 300 ng
of the above pellets were put into a PCl sanple container for Auto-soak
measur egept,,aLk 480C and 30 atms of pure hydrogen. After 3 hours of
absorption,” 33 ng of hydrogen was absorbed. The XRD neasurenents show t hat
the product only has LiH graphite. 25 and weak Li20 phases. Exanple 2:
120 ngy of graphitedlasgnbRedraphht2. 88smyiketthvibhnidal myyhef t he sane
procedu%ftges§ribgdlin ang%e 1 was follgmed. Abgut 3 ng_of hydr ogen was
absor bed"w'th™ 39 ﬁydrggéﬂ or 338 cBpIEFTY 6 28. 1XWMBG 228 ¥eBruary 2006 11
S ExanpielBowdd) ny wfsgpaphiiecyas WhxedpWwbiBed40 nmg of [ithium netal,
then the sane procedure as Exanple 1 was followed. 4 wt% of hydrogen was
absor bed. Exanple 4: 60 ng of nmulti-walled carbon nanotubes (with average
di améter of 20 nm was mxed with 350 ng lithium netal, then the sane
procedure as describe in Exanple 1 was 10 fol |l owed except that the

absor bi pgafsnpejat ure was changed to 160C. About 4 wt % of hydrogen was
absorbed. Vhen the =~ -

60 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 tempefature was changed
to 160°C. About 4 wt% of hydrogen was absorbed. When the
absgrbing 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, modifications and variations

At



absorbing tinme was prolonged for 12 hours, 9 wt % of hyds@genuaM@ogbsorbed.
Exanple 5: 15 60 ng of activated carbon was m xed with 350 ng of [|ithium
then the sanme procedure as described in Exanple 1 was foll owed except that
absorbing tine was 6 hours. 9 wt% of hydrogen was absorbed. Exanple 6: 20
240 ng of graphite was mixed with 78Qong of potassiumnetal, then the sane
procedure as described in Exanple 1 was foll owed except that K-C was
exposed hy,dr : e ‘ho : % of

v oges uas Sbearied” DBORG LB SrI T e frenebErt LRl deogelb¥ |
under st bbdé phasenanynthahyes, asodifinati bascandfvari ati ons 28 February 2006
12 could be nade w thout.departing fromthe spirit and scope of the
present invention as clained hereinafter. 28 February 2006 13 References 1.
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l'ithiumor potassium 3. . The nmethod of claim1l, wherej nis |n
the form of graphite, carbon powder, carbon fibres, caf%g%aﬁdﬁ%Peg

full erene, or activated carbon. 4. The met hod of cIa|n11, wher ei n the

al kali-C conmpound is an alkali-C intercal ated conmpound with fornula of

Li G6i LiCl12, LiC24, KC8 or KC24. 5.. Thg nethod of claim4, wherein the
alkali-C intercalated conpound is fornmed by pounding carbon wth al kal
met al undEEAIMfErt gas atnosphere then pressed into pellets under pressure
from1l atm to 10000 atns. 6. The nethod of claim5, wherein the inert gas

is Ar or e or a nxhdtdhedofor ReAtndsisThe artadiofnwdrabd dompiigigsn the
alkali nmetal and the <carbon are in a nolar ratio of from5000/1 to 1/200.

8- The 0 i ee|nthe o) rati fro 0/1 to 1/ 24.
ot hegt RS, SuRedhfs b TR Tht YearBon LG gTREER bt
corrprl si nfeEt a’lalfé’amle@aiﬂb@%r @@npwtd gmadetrigsphenetdnsida@@idrgbr uary 2006 15

conpri si ngedgtaastieps of formng a substantially honpbgenous m xture of
carbon and al kali netal particles under an inert gas atnosphere and

anbi ent tepper.ature, sai d substanti.all honpgenous
mture bl Fo B0Esta AR Lp i RredeRa S mERE S YeRp At OREE L or m an
al kal i - - GGevmpbane afd ahbl@tkahmpemtalre tw f@rmhymlraigehi &l mosphend cdt

t enper at g QfixhiPRe2318 020 C under 0.1 to 100 atns pressure. 10. The
method of claim9, wherein the metal is lithiumor potassium 11. The

met hod of _clai.m9, wh n the carbon is.in the form of graphite, carbon
powder , c%’fpé’gr’in?|g}ee§ﬂﬁja]r"§oﬁ CHRMBFuBRs? hydrogen containing”at osphere

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-ﬁetﬁed“fer stofihg.hjdfoéeh EOmprisihgmeXpeeing a solid
sorbent comprising an alkali-carbon compound made in a method

Al




g

fullerene or activated carbon. 12. The nethod of claim 8%&@}@ garbon S
pounded with alkali nmetal in an inert gas atnosphere then pre seg into .
pellets wunder pressure froml atmto 10000 atnms to forman alkali-C
absorbent. 13. The nethod of claim8, wherein the alkali netal and the
carbon are in a nolar ratio is from 5099/1 to 1/200. 14. The net hod of
claim 13, wherein the nolar ratio is from 500/1 to 1/ 24. ABSTRACT Al-kal i
met al - car borprisapo urds stays b formied bysubdtenniaialy abim_i;endmetmixmfeh

carbon. Syg fbaalbk,al éndr%tlﬁéh %w%a&%&m%%a@?%{ qnewf&&e%ta&sgﬁ%

tenperatures and be usef ul hyd rogen storage materi al I'n vari ous

appl i cat i 8% a“@ih?:‘ﬁt anemPﬁr‘ﬂ';Rﬁeog%W fiien REAIS4NI Y éu}iStantlallY

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.

10. The method of claim 9, wherein the metal is lithium or
potassium,
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.






