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PCT/ US96/ 08712 ELECTROCHEM CAL HYDROGEN STORAGE
ALLOYS AND BATTERI ES FABRI CATED FRC]\/I MG CONTAI NI NG BASE
ALLOYS" 5 _ - Continuing Information 5 The present

i nvention is gygegMsbgauat i on-in-part of U.S. Patent Appl | cat i pOT/AIN6/08712
081259, 793 lied June 14, 1994 titled ELECTROCHEM CAL HYDROGEN
STORAGE ALLOYS AND 10 BATTERI ES FABRI CATED FROM M5 CONTAI'NI NG BASE
ALLOYS; and U.S. Patent Application No. (attn. docket obc 58.5)
filed April 14, 1995, titled | MPROVED ELECTROCHEM CAL HYDROGEN
STORAGE ALLOYS FOR NI CKEL_METAL HYDRI BATTER Field of the
| nvention 15 %RBF%@WPFH’(\?@HFF%;P&‘% ALLOYS B¥D. ¢ ocheni cal
hydrogen storage all OYSBn&'?EkIEQ(F'ABkﬁﬁi\é& £ROM Ma CoNTAINGNG Basthdnioval cel | s

usi ng “t hese al | oys. More particularly, the invention

rel ates to gickel nmetal hydride (Ni-M) rechargeable cells and
batter,j es havi ng negative el ectrodes formed of disordered MgNi based

el ectrochem cal hydr ogen storage alloys. In addition to reduced
cost, cells that incorporate the alloys of the 20 I nvention have

elhectrochem' cal cpminfiing Womesioghar acteri stics that are as good as or better

t han known rechargeabl e cells using hydrogen stor uch
el ect rocheni cal per f Shenpreneat invention is a confinyatiodn-eart of U;S; Batept 4P B'ggq?ﬁﬂ@y%g'ﬁ
charge retention, |ow tenperature, t I

hi gh storage caﬁﬁﬁ fupe 1/‘-\%?%&“% ntﬁ}gaﬁéﬂ%'%e?‘nem Dr@ee%tNeg?s o%éusp)s('(la'gy% e

particul ar,§ abrighat i 40s £ARRICATED FROM MG CONTAINING BASE ALLOYS; and U.S. Patent Application

No. (attn. docket obc 58.5) filed Aprii 14, 1985, titled IMPROVED ELECTROCHEMICAL
HYDROGEN STORAGE ALLOYS FOR NICKEL METAL HYDRIDE BATTERIES,

Field of the Invention
15 The present invention relates to electrochemical hydrogen storage alloys and rechargeable
electrochemical cells using thess alloys_.

More particularly, the invention relates to nickel metal hydride (Ni-MH) rechargeable cells
and batteries having negative electrodes formed of disordered MgNi based electrachemical
hydrogen storage alloys. In addition to reduced cost, cells that incorporate the alioys of the

20 invention have electrochemical performance characteristics that are as good as or better fhan
known rechargeable cells using hydrogen storage alloys, such electrodhemical performance
characteristics including cycle life, charge retention, low temperature, energy density, and especially
high storage capacity. Another embodiment of the invention focusses on.the particular fabrication
and characterization of chemically and structurally modified MgNi alloys tﬁat provide remarkable

25 improvements in storage capacity as well as other electrochemical performance characteristics.

Background of the Invention
In rechargeable alkaline cells, weight and portability are important considerations. Itis also

advantageous for rechargeable alkaline cells to have long operating lives without the necessity of



and characterization of chemcally and structurally nodified MgNi all oys

that provide remarkable 25 | nprovenents in storage capacity as well as
ot her el ectrochenical performance characteristics. Backgr ound
of the-invention .I'n rechargeabl e al kaline cells, weight

_ and portabili o siisgess MPOr t ant considerations. It is also PCT/US96/08712
advant ageous for rechargeable alkaline cells to have |ong operating |lives

wi t hout the necessity of WO 99/ 36084
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periodi ¢ mai Nt epgRGE malBRdNES. HRhirSbable KRkl Bells 6rkluBedii Aunbicie consumerievies such
consuner devi ces such as portable conputer, video caneras, and

cel | ul ar phones as poitatye conputef, videv camerhs, god @iular pbanes, Theware often configured intp g egled
pack that is designed as an integral part of a specific device.

Rechar geabl e al kawer packdhst [sslesigned as an integral Reftoha precific Arvicg Regrergeabieglkgine cell |
that” can be used, for exanple, in i strial, aefospace,. and..

electric vehicl 5ar%ﬂﬁ9| be confipypd, as larger cglg'"tlhat canq:e usead, fg()?)g%lg,em Pﬁanna[?ﬁerr%sgaoe. and

decades, vigtual .ever I manuf acturer in the world studied the
Ni IVH batteré'te@kﬁg ﬁ%?%agﬁ%&ﬁéyconnercial battery of this kind existed

until after the publ kGafidéRan three decadesVirtualiyvery BatRRimdNafactdreKii? the Hid stadidaigr U,
Reger, Rel chman, and Ovshi nsky whi ch di scl osed Ovshi nsky' s basi c

and fundanent al INMH) Battefytbdhdigly St of cormvietoint batteny tofthis kind duistedyuntil afiecthé publication

10 Ovshi nsky was responsible for inventing new and fundanental |y

di fferent el ect obtkrRatent Noj 862%59@do Sapru, Reger,\Beichman, and %“ﬁﬂ?'@o‘?"&‘i"eés"lﬂfe"
Ovshi nsky, reliance on sinple; relativel ure c unds S J

short com ng of ﬂYéh'WY%ﬁ“é& gnd fﬁ&“&‘??‘@‘@l'ﬂ‘fxﬁp‘é‘ﬁ r@%ﬁﬂ i"haéewglodr?pgigﬁt}ﬁgg niot &
shown to hgye a ) i " '

type of active. SiPleiewes papppetRdrtnatly il RAGH el diaRfldchichertill it
desi gned into t heudidkKa®predidié ByRSvEHinsRY, relidit on sitnbie; rethtivelp pera compodinds has 8 majpage

of hydrogen and 15 t he subsequent rel ease of hydrogen to form water
was determ ned tshorttoming of the Proraftp IRelathelylpuee crystalline compounds were shown to have a low
density of hydrogen storage sites, and the type of active s.ites available occurred accidently and
were not designed into the bulk of the material. Thus, the efﬁciéncy of the storage of hydrogen and
15 the subsequent release of hydrogen to form wat'er was determined to be poor. By applying his
fundamental principles of disorder to electrochemical hydrogen ‘storage, Ovshinsky drastically
departed from conventional scientific thinking and created a disordered r;lateﬁal having an ordered
local environment where the entire bulk of the material was provided with catalytically active
" hydrogen storage sites as well as other sites which provided the required thermodynamic absorption

20 and release necessary for electrochemical aeti\.lity.

Short-range, or local, order is elaborated on in U.S. Patent No. 4,520,039 to Ovshinsky,
entitled Compositionally Varied Materials and Method for Sypthesizing the Materials, the contents
of which are incorporated by reference. This patent disclosed that disor&ered materials do not
require any periodic local order and how spatial and orientational placement of similar or dissimilar

25 atoms or groups of atoms is possible with such increased precision and control of the local
configurations that it is possible to produce qualitatively new phenomena. In addition, this patent
discusses that the atoms used need not be restricted to "d band" or "f band” atoms, but can be any

atom in which the controlled aspects of the interaction with the local environment and/or orbital



fundanmental principles of disorder to el ectrochem cal hydrogen storage,
Ovshi nsky drastically departed from conventional scientific
t hi nki ng and created a disordered naterial having an ordered
| ocal environnent where the entire bulk of the material was provided with _
catalytically g ‘2{"’3 hydr ogen storage sites as wel lpcarsediiser:

. sites which provi the required thernodynaim c absorption 20 and
rel ease necessary for el ectrochem cal activigy. :

Short-range, or local, order is elaborated oh in U S. Patent No. 4,520,039

to Ovshinsky,  gyerap piays @MYignifbdiel r@?ﬁﬁ\ﬁélw | nsebriicilaF breaichilytserdsab affec ghysical
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i n which the cong,ﬁé}g,{tgg},sassgﬁggage&gyt he interaction with the |ocal
envi ronment and/ or orbital WD 96/ 36084
PCT/ US96/ 08712 Ovshinsky had prevlously shown that the number of surface sites could be signifigantly

overlap plays a significant role sically, electronicall or. chem cal
so as to affect [wonpeseddy making an amwéy&ﬁm 'E&’h'&hﬂ‘el’i’éﬁé'@’%@s¥ the, plrags gft‘*‘%

I The el f th ffer . .
Dondi ng possi bi | PPVELTORN By REeTal (vapeh: A el Sphents i Stons
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a trenendou eas ensity hence active storage sites.

These techni ques ereaﬁiéhémiedﬂ cﬂﬁa&&sﬁ& Sp& toveriheky REPIAING NBPrmEibias snmmmﬂcame of
di sordered in several di fferent senses simultaneously.

Ovshl nsky had pr cwiopaizlyy Sgirtust Chimge, muepmwgma@ﬂnﬁpmnac@@w%@eewmew
significantl
J y 1096 (Octobre 1981):

Amorphicity is a generic term referring to lack of X—réy diffraction evidence of long-range

15 periodicity and is not a sufficient description of a material. To understand amorphous
materials, there are several important factors to be considered: the type of chemical

bonding, the number of bonds generated by the local order, that is its coordination, and the

influence of the entire local environment, both chemical and geometrical, upon the resulting

varied configurations. Amorphicity is not determined by random packing of atoms viewed

20 as hard spheres nor is the amorphous solid merely a host with atoﬁts imbedded at random.
Amorphous materials should be viewed as being coniposed of an interactive matrix whose

electronic configurations are generated by free energy forces and they can be specifically

. defined by the chemical nature and coordination of the constituent atoms. Utilizing

- multi-orbital elements and various preparation techniques, one can outwit thé normal
25 relaxations that reflect equiibrium conditions and, due o the three-dimensional freedom of
the amorphous state, make entirely new types of amorphous materials — chemically

modified materials....



I ncreased by maki ng an anorphous filmin which the bul k thereof resenbl ed
the surface of the desired relatively pure materials. Ovshi nsky
also utilized nultiple elements to provide additional 10 bondi ng and

| ocal environnental order which all.owed the naterial to attain the required

el ectrochem C‘ﬂro?&?ﬁftﬁm eristics. As Ovshinsky explained in Ppiosshedz and
Applications o Anor phicity, Structural Change, and Optical

| nf ormati on Encodi ng, 42 Jounal De Physi que ,at CA- 1096 (Cctobre
1981): Anorphicity is a generic termreferring to | ack of
X-ray diffraction evpf@nrhicty vidtnderieha as 4 Means of introducing surfiisitesdn < filtnyit wasd
Is not a sufficient description of a material. To understand anorphous

mat eri al s, ther @ossive t8gwenel "disondar thahtakéscioto giceouniothe @ntite) spsictium otieffepts sugh,are
of chemi cal bondi ng, the nunber of bonds %enera%ed b@ t he
| ocal order, thapiosity, topalogy.sorstglitencherpcterigling of $ites, and distances between sites. Thits; R o
of the entire | ocal environnent,. bot heni cal and omet.ri. Alefely
resul ting than searching for malerjal; ﬂ'gﬁ%ﬂéi {‘R'g?“’ 8'35'?6 if'ertte)ﬁrgp'gshhlf’“(':':rE RS no't“I"n’gr
determined py r | | \@ﬁ.ﬂa' i3gularities, Ovshi @fils 188 &t ECD

Q' S fbﬂgc%rﬁl?gﬁgmgg e Qd?iﬁin%{a@ a c'(?)stg‘:/vi"t?\s a‘t'solr'r‘%kyimr'rbedded at

us SOITId nmer

spheres nor i e ano

random began constructing\"iRoRIBRUSmatEaR Where Shedesited Gred@arkibonerél talk madeé. Spe,
conposed of an interactive natrix whose el ectronic
configurations as.s RpneNa4®d3 507, fhe eiscleswer of whithois insarperatdd bhesferenesm be
specifically defined by the chem cal nature and )
coordi nati on of the dJbearmt"djegideres -cﬁ?sl!se‘!)g?’P‘P 29 Fipr to electrochemical electrode materials,

I STD R ST, A e SRV P
condi tions .and, due t"ﬁ% o@gﬁ?%ﬁlﬁ?uﬁh&&w St sbeRR SRR states. This structural

t he anor phous state, y new types of anorphous materials -

Sg/e g16 8 g|4| y factor constitutb el vBAhLIEMLR WhidH the physical properties of the [matiifal]

PCT/ US96/ 08712 ... can be controlied. Furthermore, structural disorder opens up the possibility to 4
Once anorphicity was understood as a neans of introducing surface sites in
afilm it was prepare in a metastable state new compositions and mixtures that far exceed the

limits of thermodynamic equilibrium. Hence, we noté the fo!l-owing as a further
15 distinguishing feature. In many disordered {materials] ... itis possible to control the
short-range order parameter and thereby achieve drastic changes in the physical
properties of these materials, including forcing new coordination numbers for

elements....

20 S. R. Ovshinsky, The Shape of Disorder, 32 Journal of Non-Crystalline Solids at 22 (1979)
(emphasis added). .
The "short-range order” of these disordered mateﬁal;s are further explained by Ovshinsky
in The Chemical Basis of Amorphicity: Structure and Function, 26:8-9 Rev. Roum. Phys. at 883-
903 (1981): '
25 [S]hort-range order is not conserved .... Indeed, when crystalline symmetry is
destroyed, it becomes impossible to retain the same short-range order. The
reason for this is that the short-range order is controlled by the force fields of the

electron orbitals therefore the environment must be fundamentally different in



possi ble to produce "disorder” that takes into account the entire spectrum
of effects such as porosity, topology, crystallites,
characteristics of sites, and distances between sites. Thus, rather

than searching for material changes that would yield ordered nmaterials

havi ng a maxi nggefskgher S of accidently occurring surfageThossaismg and
surface irregularities, Ovshinsky and his team at ECD began
constructing "disordered" materials where t%e desired irregularities were
tail or made. See, U S. Patent No. 4,5 623,597, the disclosure of

whi ch is incorporat egdodi¥pdn@ih@érfidifie and amorphous solids. In other Worls, litésrtiw ifitekagtion der ed” ,
as used herein to refer to electrochem cal el ectrode materi al s,

corresponds to the metihé logal ofientidabbands withabeinsyreunding eryisonrvientavhich determinggich as

the follow ng: 10 ] A di sordered sem conductor cap exist in
severdl structural sthetelesticatnghemisaly and: plwsigal properties of the material, apd, fhogg, can

constitutes a new VarnLvae?Lgthysgﬁ%%hﬁrgh%ugﬁqa?%ﬁ?Lgﬁgﬁ%?ﬁe s{ailiﬁegm%ﬁw.e.

[ materj al ] ed. nore, structural

di sar der opgns up t he. ™8 %ﬁité? Hld.tigﬁéhigﬁlgat can exist in three-dimensioR4l S8é M alrdrplous

nmet ast abl e State new conpositions m xtures that far exceed the

limts of thernodynargyndeeiydtaling iratefibis bie Mfbcbasis\ior few geoimbitied, alahyoofiwhish ae a
further 15 di stingui shing feature. I n nany disordered
[materials] ... It i dnhereatlyidnti-eryétalinedniatugd. Distretion of bonds and displacement olkgfamst - r ange
order paraneter and thereby achi eve drastic changes in the physical
properties of these rrapbe pmpadpquats, RSt EAUBHRAMAT ingingls sPp ﬁ%l‘i "Amber s

f[)?;or der, 32 Journal ﬁk{gﬁ{;@é@gﬂﬁﬂég§8w@§e@$ °'§9“?§T b%@""" Tdmebare of

(enphasi s ded) . . ; Srent S Hel anfioRhdfs Qhte Sfbr it Bf théyRich
di sordereda@at erials dz'a'F%ns' ?Jarltrﬂaélpnsg%@i ned b; aQ/shi nsky ' i n The

Chemi cal Basis of ATnjoRkatsiitrnal Spoldgy csmpatisle i eioi tansiatidfl Syrimélyvof tRoUM
Phys. at 893- 903 (1981): 25 [ S]hort-range order is
not conserved .... | nostaiipe lattion...c Whettisiimporiast is theameiphous state is the fact that one
destroyed, it becones inpossible to retain the sane shorlf-ran e order. The
reason for this is thesn mMakeanipfipity of materiais thatda potihave agy, eysling FOugtr PR, 80, ¢ o

fields of the that even the ones that do are similar primarily in chemical composition. The

18 spatial and energetic relationships of these atoms can be entirely different in the
amorphous and crystalline forms, even though their chemical elements can be the

same...

Based on these prinéiples of disordered materials, described above, three families of

20 extremely efficient electrochemical hydrogen st'{)rage negative electrode mat'erials were formulated.
These families of negative electrode materials, individually ‘and collectively, will be referred to
hereinafter as "Ovonic." One of the families is the La-Nis-ty.p.e negaiive ;Iedmde materials which

have recently been heavily modified through the addition of rare earth eleménts such as Ce, Pr, and

Nd and other metals such as Mn, Al, and Co to become disordered multicomponent allbys, i.e.,

25 "Ovonic". The second of these families is the Ti-Ni-type negative electrode materials which were
introduced 'nd developed by the assignee of the subject invention and have been heavily modified

through the addition of transition metals such as Zr and V and other metallic modifier elements such

‘as Mn, Cr, Al, Fe, etc. to be disordered, multicomponent alloys, i.e., "Ovonic." The third of these



el ectron orbitals therefore the environnent nust be fundanentally different
in WO 96/ 36084
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correspondi ng crystalline and anorphous solds. In otherwords, it is the

I nteracti on  wo 96/36084 of the local chem cal bonds w tkcrbsosmns7i2
surroundi ng environnent which determ nes ' the electrical,

chem cal, and physical properties of the nmagerial, and these can
never be the same in anorphous materials as they are in crystalline

mat eri a! S . . families are the disordered, TuiconipbhdnbMgNidypat negaisé ielostrotié) sriategals) deseiibed | n
t hree- di nensi onal space in anorphous but not crystalline
materials are theeiipasi s for new geonetries, nmany of which are

i nherently anti-crystalli i n nat . Di, fion, b d. di.spl

of atom " Based %nntgahr?'s@‘aea?e{r’%awﬁ e PO e Bsiet iR BT
si ngl e component ateri al s. el | . d
t hegam)r pmoci ty?""&%@“ﬁ?ﬁs{arﬁﬂiﬁc&sﬂ in 15- atent No. é’gﬂ '405380 Sabh, FERbAHRS, o art PG 402"

di mensi onalg rel glygnshd Hﬁdtlsﬂlléetff%khii@in&&?f‘orﬁé@ﬁﬁh%pét Fhi€ sedofd fakniily oS OldhizYy
whi ch generate 1 nternal topology inconpatible with the

transl ational syiERiis devérbibly folm hydrides in order to store hydrogens tAll thei maerlals tuséddie the. 400
What is inportant in the anorphous state is the fact that one

can nake an i nf Patettytiize aFRV-al conposiidnawhetmatirsst Thal; @ndiNiare prosppiwith) ah least one or
counterparts, and that ey the ones that do are sim.lar
primarily in chewreefCrZsAss 8l (The matefials of the) 450 Patent are generally B'SP&QFe %‘ﬁ'&“’m ine
energetic relatiopnshi ps. of t ' ' ' diGith
anor phous and cf’{?gef@f’lwﬁ'ﬁgm%&ﬁé?" %&/g@?ﬁgﬁﬁ &toﬁg{’ﬂr'ﬂoﬁﬁeﬁ?n%gfﬁe%ﬁéﬂﬁgﬁ éan be

the 0 C.. and C,S§PFcrystal structures. Other Ovonic Ti-V-ZrARSRAs &r@ destbed iR corfinbrl €S
of disordered mater| al's’ descri bed above, three famlies of 20

extrenely ef fi Ciagdigne®@ILES.t Pnbaisi @228, $850( the €586 Ratentl)y ditieve Batianced GHarget Redefion
material s were fornul at ed.
Electrochemical Hydrogen Storage Alloys and an Enhanced Charge Retention Electrochemical Cell,
the disclosure of which is incorporated by reference.
The characteristic surface roughness of the metal eléctrotyte interface is a result of the
15 disordered nature of the material as disclosed in commonly assigned U.S. Patent No. 4,716,088
to Reichman, Venkatesan, Fetcenko, Jeffries, Stahl, and Bennet, the disclosure of which is
incorporated by reference. Since all of the constituent elements, as well as many alloys and
phases thereof, are present throughout the metal, they are also represented at the surfaces and
at cracks which form in the metalelectrolyte interface. Thus, the characteristic surface roughness
20 is descriptive of the interaction of the. physical and chemical properties of the host metals as well
as of the alloys and crystallographic phases of the alloys, in an alkaline environment. The
microscopic chemical, physical, and crystallographic parameters of the in;ilvldua'l phases within the
hydrogeni storage alloy material are important in determining its macroscopic electrochemical
characteristics.
25 In addition to the physical nature of its roughened surface, it has been observed that
V-Ti-Zr-Ni type alloys tend to reach a steady state surface condition and patticle size. This steady
state surface condition is characterized by a relatively high concentration of metallic nickel. These

observations are consistent with a relatively high rate of removal through precipitation of the _oxides



These fam |lies of negative electrode materials, individually and
collectively, will be referred to hereinafter as "Ovonic." One of
the famlies is the La-Ni[err]-type negative el ectrode materials which
have recently been heavily nodified through the addition of rare earth

el enents suchasedRessPr . and Nd and ot her netal s sgelyuasebiiz Al,
and Co to becone disordered nulticonponent alloys, i.e., 25 “QOvoni c".
The second of these families is the Ti-N -tﬁpe negative el ectrode materials
whi ch were i ntroduced and devel oped by the assignee of the

subj ect inventi gngand BAVGcRRATHNE B¥isuifacE A Ginkh lower rate of nickeh ssigibatiohe The
addition of transition nmetals such as Zr and V and other netallic nodifier

el ements such esultant surfa@Shd¥ha highier cocentfation aft mickek tharbwould be expected] from the bulk
mul ti conponent alloys, i.e., "Ovonic." The third of these . WO
96/ 36084 composition of the negative hydrogen storage electrode. Nickel in the metaliic state is electrically

PCT/ US96/ 08712 )
families are t heonguelye anscatayticyimaartiog ks ravertep iaithe syferen A A TseUh heseilacs St
T et o s gy kil e s gyt e i BERRE 0 e s
active materi al ' ihdbialhadxidBat ent No. 4,551, 400 to Sapru,

2 rfdh?rhtghéeﬁr%iﬁﬁgf ihgiatihgdxi

Fet cenko, et al. e 40 atent'), the disclosure of which is

i ncor porated by ref enrpggisaceldlittfe nagRioélecirady, Wiictolias @.comiuctive and catalytic enmmpenedntt s
reversibly formhydrides in order to store hydrogen. All the materials used
in the '400 the metalfeanioke! t- inferadts with metalhydridengiloys bypatalyzieg theeleciiprbpmpical chargeang
Ti, V, and NI are present with at | east one or re of Cr, Zr, and

Al . The mat eri aldischamoe wectiomgiepspas weles gromoting fest gps PoomAna g o5 e
pol ycrystal,Li ne . npterials ' W} Avorlid. Highe d
to, one or 1hore phas %R 9’(79%99%9%?%8? I'a P\%\AR Qﬂc?d’mp% @1 eP?] and ohy
Cqerr] type crys ke YHeBP hydfidid kterY RRbS the hydrogéh sidtagdibdpadity ofMiCd systems),
described in coémfi%heyﬁ/ah" hyassi gngd WS. Pa%e‘glgtZ No. 4,728,586 ("the
'586 Patent"), tiohduntbreare almenting indrgeingle greater ain fimes and powdE| requirersenkseining siich
Hydrogen Storage Alloys and an Enhanced Charge Retention El ectrochem cal
Cel |, rechargeable battery systems. No current battery system can meet these ever-increasing demands.
Accordingly, there exists a need for an ultra high capacity, long charge retention, high power

15 delivery, long cycle life, reasonably priced rechargeable battery system.

Summary of the Invention

it was to meet the requirements demanded by consumers as set forth in the previous
paragraph utilizing iow cosf. high capacity and applying Ovshinsky's principles of disorder that the

20 Ovonic MgNi based negative electrode mateliéls of the instant invention vv;ere developed.
Applying principles of patent law, the subject inventois now deﬁ_ne the negafive electrode
alloy materials described and claimed herein as including ‘a substantial volume fraction of an
. amorphous, nanocrystalline and/or. microcrystalline microstructure and will hereinafter refer to that
- microstructure by the term "intermediate range order.” it should be understood by those qf ordinary
25 skill in the art that nanocrystallines are typically about 40-50 Angstroms in size and more specifically
20-50 Angstroms in size. The reader should understand that crystaliites in the 10-50 Angstrom size
range display a special characteristic due to the unique topology, surface area to bulk ratio, unusual

bonding configurations and enhanced number of active sites. It is to be understood, as more



the disclosure of which is incorporated by reference. The
characteristic surface roughness of the netal electrolyte interface is a

result of the 15 di sordered nature of the material as disclosed in
comonly assigned U S. Patent No. 4,716, 088 to Rei chman, _
Venkat esan, FeiG Jeffries, Stahl, and Bennet, the di sclgeygdsaivhi ch
l's I'ncorporated by reference. Since all of the constituent

el enents, as well as nany alloys and phases thereof,; are present
t hroughout the netal, they are al so represeﬂted at the surfaces and

at cracks whi cheg y BxplaliEa REbiRAeE |14 tal volube Grabtivh & HRCRicrodtfiltace dffie negative
characteristic surtace roughness 20 I's descriptive of the interaction
of the. physi caklegide Giv§ Thidials ThayPaisd indsdecdignticant (polgdrysialiine inclusiensivhovrever, the
as of the alloys and crystallographic phases of the alloys; in an al kaline
envi ronment . Thelectrochemical perfoimaneesefds eleciindanwil guffer Bryplationtp volype fraction of those
crystal | ographic paraneters of the individual phases within the

hydr ogen st or ag@ohgstelingiaesian®| are inportant in determning its

macr.oscopi c_ el ectrochem cal characteristics. 25 In
addition t®the physi cal nature of its roughened surface, it has been
observed that ne aspedt of e PbsehtyiRenifn| 9 ¥ Mg 8364 blectioGiiRfitachyBlogendstorageat e
surface condition ang particle size. This steady state surface
condition i s chaistwhiebingiemgby a rel atively high concentration of netallic
ni ckel . These observations are consistent with a relatively high
rate of removal through precipitation ofBasp Ally)Meles

96/ 36084
PCT/ US96/ 08712 Where, Base Alioy is an alloy of Mg and Ni in a ratio of from about 1:2 to about 2:1; M v

of titaniu and ZI rc aHeas m}eerné%? %&ﬁ?‘&;@g’gﬁg@%&ﬁ ﬁ St&oomm fal, EeC kel

sol ubi |l i zat concent rati on of

ni ckel than V"OU'& RS, Wx@fevtﬁchrférpm‘tdﬁznbuléﬂ Na, Pb, La, o%owpﬂa;IMmmﬂ Pt arid; b
negative hydr ogen storagé el ectrode. N ckel in the netallic state is

electrically Is from 0.60 CHiéTérabhe5-25) Ghtomrct pibkcpiti and al nipanod atgmit heeet; prdplkerd thes
to the surface. As a result, the surface of the 5 negati ve h?:dro gen

storage el ect r ochgi based slectshestiopt hvdroaﬂtbmmM'Pwhiblﬁaﬂ“'?fﬂs'&“ﬁﬁfeé’l‘x‘ fling 8
cont ai ned .
substantial volume fraction characterized by intermediate range order. Other microstructural

15 portions of polycrystallites may also be present. In addition, powder particles of these materials

are from 1-75 microns, preferably 5-38 microns.
Another aspect of the invention is an electrochemical hydrogen storage cell comprising:

a disordered negative electrode comprising an alloy of Mg and Ni in a rafio of from about 1:2 to
about 2:1; and at least one modifier element chosen from the group consisting of Co, Mn, Al,

20 Fe, Cu, Mo, W, Cr, V, Ti, Zr, Sn, Th, Si, Zn, Li, Cd, Na, Pb, La, Ce, Pr, Nd, Mm, Pd, Pt, and Ca
wh.ere the total mass of said at least one modifier is 0.5-30, preferably 5-15, atomic percent of
said alloy; where said MgNi based electrochemical hydrogen storage material exhibits a
microstructure including. a substantial volume fraction characterized by intermediate range order;
a positive electrode; and a separator.

25 Another aspect of the invention involves a method for fabricating an MgNi based
electrochemical hydrogen storage material comprising the step of: mechanically alloying Mg and
Ni in a ratio of from about 1:2 to about 2:1 and at least one modifier element chosen from the

group consisting of Co, Mn, Al, Fe, Cu, Mo, W, Cr, V, Ti, Zr, Sn, Th, Si, Zn, Li, Cd, Na, Pb, La,



a higher concentration of insulating oxides. The surface
of the negative el ectrode, which has a conductive and catal ytic conponent -

the netallic nickel - interacts with netal hydride alloys in catalyzing the
el ectrochem cal charge and -di scharge reaction steps, as well as
pronoting fastweagsémgonbi nation. 10 Despi t e t hge9psempirional

el ectrochem cal performance now provi ded by Ovonic, highly
di sordered nickel netal hydride systens (tvviie t he hydrogen storage
capacity of N Cd systens), consuners are demandi ng increasingly

greater run ti RS, Af)HNd MW End 0AGHeFotREBiaPmass ONddid &t least one modifier eRMBR ifadidre
battery systens. No current battery system can neet these ever-increasing

demands. thanAS atordic perbent andiessdhap@0stomicoperneatdo producaan MgNirtaséd gh
capacity, long charge retention, high power 15 delivery, |ong c .
life, reasonabl yelesiochenscal bydigey slamoemaigrgl bavjng symjgresisucture including a SUbsBm#rar y of

t he Inventlon neet the requirenents denmanded by

consuners as setv°'l“5'Ptf'ﬁ"“Pﬁ°'faFf’é’teﬂ’Fe§\t”P'£%%'"‘e£ate range ordef.  agraph utilizing | ow
cost; high gapacity 9“%%2{’3%4 neg%‘&'&h P(tlo is%&é&ﬁdd%ﬁ&nﬁghn%? ﬁ-@hgo‘?ﬂpoﬁ

the 20 Ovoni ¢ My Irve materia e I'nstant

i nvention were CfisofiefARGNI based electrochemical hydrogeﬁl%ﬁ\‘éﬁb %ﬁteﬂ&l'c&ﬁérﬁh&ﬂne%fep@@ﬁ ent
I aw, the subject inventors now define the negative el ectrode

al l oy materi al s rdpidig sdliliiyitig am dliog lotfisgrant Nidn £ ratio affromabbitdi2tg abous 2t Siotifidd 1Bing
vol une fraction of an amor phous nanocrystal li ne and/ or
m crocryst al | i neatigagtrons modjfier glementshiosgn from thecedup gensistingroé CorMn, Al, Fa.clu, Mo, W,

L U, A e e
nanocryst alyhi Nes, e of l¥£&§'ﬁ5rht¥i &glbé?%eng‘ig orlief M. gﬁﬁm rpgrc t%ﬁd %&C{P%D.{Oeatmmc

specifically ons I N sl ze.

under st and t hat gerashtt Al kdpRfy sblﬂllﬁ'&éi‘ ﬂlo}@hi‘é@% & RSH-exbLiiflium structure may thbrP B €
di splay a special characteristic due to t uni que topol ogy, surface area

to bulk ratio, unecharidally alioyed and/or thésmaltyianupaled tf prefucad miprostractute inciiviigee d
nunber of active sites. It is to be understood, as nore
substantial volume fraction characterized by intermediate range order, preferably having
crystaliites on the order of about 20-50A in size. Using the "multiple nozzle" approach
15 described hereinafter, this optimized microstructure can be achieved in a production oriented
process.
Another aspect of the invention is a disordered MgNi based electrochemical hydrogen
storage material comprising:
(Vg1 M N, OOMN ), 0 MMM,
20 where x is 0.1 to 6.0 atomic percent; yis 0.1' to 8.5, preferably 2.5 to 5.5 atomic percent; z is
0.1 to 8.5, preferably 4.5 to 8.5 atomic percent; ais 0.1 to 6 atomic percent; b is 0.1 to atomic
percent; ¢ is 0.1 to 3 atomic percent; dis 0.1 to 8 atomic percent; M’ i§ chosen from the group
consisting of Ca, Be, and y; M" is chosen from the group consisting of V, Ti, 2r, Cr, Al, Fe, and
. Sn; M™ is chosen from the group consisting of B, B, In, and Sb; aﬁd M" is chosen from the

25 group consisting of Cu, Th, Si, Zn, Li, La, Ce, Pr, Nd, Mm, and F.

Brief Description of the Drawings

Figure 1 shows the XRD spectra of the preferred microstructure of the present invention
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conpl etely expl ai ned hereinafter, that a volune fraction of the

m crostructure of the negative . el ectrode alloy materials may also
I ncl ude si gni fyeadheedaol ycrystal l i ne inclusions; however, thepcr/usysos7i2

el ectrochem cal” performance of the electrode wll suffer inrelation to

vol une fraction of those pol ycrystgl line inclusions.” 5

One aspect of the present invention is a My based el ectrochem cal hydrogen
storage compafed Witk lesC@udidbleShdighials.

(Base Alloy)[err]Merr] where, Base Alloy is an alloy of My and Ni
in aratio of from afigue 2 Is:oh SEM micrograptpshewingthe miprostructyre pfthasmateriglsof thee 5 s t
one nodifier elenment chosen fromthe gr OUJQ consisting of Co, Mi, A, Fe,
Cu, Mb, W Cr, Weseptinvention hayng neevidence ofphasg peoreggfionn, * pyy |4 Ce, Pr, Nd,

MM Pd, Pt, d Ca; IS f - . bly 5-15, atomc.
percent; andag + b :p’g'ﬁf)sﬁ?%'ﬁi“&e %@?@i%sggga‘%%g%géqﬁé& Y zl\i/gﬁp (t;ased
el ectrocherg cal hydr Hg&&%téaf)@@ﬁofmh;aﬁdn%m&me iskuiviiriy tReir Hoyérgsidiling FricrbsBucture.

i ncluding a substantial volume fraction characterized by

I nternedi ate range Ofge 5 isEnRD $Howig Mok syitihAtiactianicdllp alloyed patertalsdadngthe
polycrystallites may al so be present. In addition, powder particles of

t hese nmat eri al s desired microstrueture. f rom 1- 75 m crons, preferably 5-38 m crons.

Anot her aspect of the invention is an el ectrochem cal I n storage cell
conpri si ng: Figyre §jshoyysrateria! that has pnvcbeap mek pryg g‘%% r‘fHStalrﬁ ag?"f"gy
of Mg and Nl in _a ratiog 06’ fs,r%a@m a%&H&s 1:2to about 2:1; and at

| east one nodi f i*EFPIRRRERRYery Q21O the group consisting of Co, M, Al,
20 Fe, 46U, M, Weigl7 sHows'the méterial of Figuld 6 folldwing 4o hduts: of fridchahidal akding, lthat
Ce, Pr, Nd, Mm Pd, Pt, and Ca where the total nmass of said at

| east one nodi f igeénhatattefized by Clystalitedf exhibitigyintermbdiate adngerdrderaad baving agowder size
said alloy; where said MJNi based el ectrochem cal hydrogen storage nateri al

exhibits a distributioniranging frora ebaut &1 migropslinszea subst antial vol ume fraction
characterized by internediate _range order, a ﬁdQSi tive el ect r,%de;
and a separator. Figure 8 is a TEM Bright Field micrograph and Its correspohding SAD pattern in whic|

the sized of the preferred melt spun/mechanically alioyed maferials are shown.

15 Figure 9 is a TEM Dark Field micrograph recorded from the same areas as shown in
Figure 8 in which presents the overall range of the crystaliites as 20-50 A for melt
spun/mechanically alloyed materials of the present invention .

Figure 10 is a TEM Bright Field micrograph that shows the lattice interference fringes of

50 A crystallites of MgNiCoMn in the bulk meit spun/mechanically alioyed material.

20
Detailed Description of the Invention
The present invention describes the electrochemical performa.nc-e, methods of
_ preparation, and characterization of the microstructure for Ovonic MgNi based alloys.
Mg-Ni disordered materials were first disclosed by Ovshinsky, et al. in U.S. Patent No.
25 4.623,597. The instant invention addresses improved chemical and metallurgical processing

taking into consideration the dissimilar melting points and vapor pressure of constituent
elements as well as the ready oxidation Mg in an alkaline environment. In addition, the instant

inventioﬁ addresses the fact that particular care must be faken for Mg substitutions because Mg



25 Anot her aspect of the invention involves a nethod for

fabricating an MgNi based el ectrochem cal hydrogen storage
material conprising the step of: nechanically alloying My and Ni
in aratio of fromabout 1:2 to about 2:1 and at |east one nodifier elenment
chosen from t h§o o6/36084 group consisting of Co, IVh Al , Fepcrrebosbdz W
C, V, Ti, Zr, Sn, Th, Si, Zn, Li, Cd, Na, ‘Pb, La, WO

96/ 36084 1 :

PCT/ US96/ 08712 9

Ce, Pr, Nd, Mn g dﬁ@rew&ﬁc ﬁahﬁs & ?J‘ed RSt MbtalS Bded irfthe biRGThmiRRF BRERdel €7

el enment is greater han 0.5 atom c percent and |ess than 30 atom c
percent to prod LNnﬁNn—MBMatémals.eds a result of the experizhdeqminedirammbeviigpiigpQenicat-Nr age
material having a mcrostructure including a substanti al vol une
fracti on char acthaséd-aligysinf event in¢rensing gerapiexity, Qushinsigeand his team have now inventedan ot her
aspect of the present invention is a nmethod for f

mul ti conponent  family of improyed QV%%N'I\&?F\?" qleglrods "éﬁt'é'ebHSﬁat | nsgﬁtf*mﬁ%'r'ﬂt)@ﬁ

storage material_co

al I oy of Nggand TP ng{hgi?ng g’?ar%"r%%rﬁnucg ?rmfncf a"va't‘ggé ﬁ%é %9 %J"F eg%um ng
at | east one m)déufrbﬁ&b&hﬁ%ﬁl&ac&%ﬁﬁﬂmfé%ﬁﬂﬁ‘mﬂrOUp consi sting of Co, M,
A, Fe, Cu, M, Zr, Sn, Th, Si, Zn, Li, Cd, Na, Pb
La, Ce, Pr, Nd, Mn anith Meme dvhﬂc Mgmuaystcmssn is tﬁeﬁnodynarﬂ&all;s@esﬁbmﬁngl ethet
one rmdifier eI enment is greater than 0.5 atom c percent and | ess than 30

atom c Mt alleyn {This VPﬁéahilimt“Pd Psis toclepredse iﬁ@cboalﬁ'mﬁ}fem eftMgo Vo Froand &r with
non-equi | brium struct ure ma nechani_cal | é al | %Xed and/ or
thermal |y anneal ®dropen g '%“%f?fr’lﬁg'f‘}"bfd'f“ﬁ’l‘ gprlication, A 5 pisg useful bécause it

Subst ant | al4oy O UlEdeh 16hdaR BFET I e 1 o R HRlef " 210 T v

preferably havi Re order out 20-50A in
size. Using the "mul t-nﬂlpeesa.ﬁmﬁm éaﬂga@cmn&aemm ‘ch&ld8 frbr RfRChighfiddiRad t er

this optimzed mcrostructure can be achieved in a production oriented
process. multicomponent materials that have been developed from disordered materials made from either
d-type orbitals or f-type orbitals. The present invention uses Ovonic MgNi as the basis of a new
family of disordered negative electrode materials. This work fequired a comprehensive
15 analytical approach. First, the inventors sought multi-orbital modifiers, for example transition
elements, that would provide a greatly increased number of active sites due to the various
bonding configurations available in order to produce an increase in energy density. Second, the
inventors looked for modifiers and methods that wouid stabilize Mg as wéll as provide sufficient
balance to the passivation/corrosion characteristics of the resulting alloy. Of course,
20 unrestrained corrosion Jeads to poor cycle life énd passivation resulis in lo.w capacity, poor
discharge rate performance, and poor cycle life.
The inventors also realized that unlike the prior art hydrogen st;)rage-based materials
that typically utiize a polycrystalline microstructure, Ovonic MgNi based alloys cannot operate
- . successfully if they are substantially polycrystaliine. Modified MgNi based alloys for
25 electrochemical applications must have a microstructure that is characterized by a substantial
volume fraction of intermediate range order.

The importance of the intermediate range order microstructure in the MgNi based

system of the present invention cannot be overstated. Polycrystalline hydrogen storage



Anot her aspect of the invention is a disordered MyNi based el ectrochem cal

hydr ogen storage material conprising: [err] 20 where X is
0.1 to 6.0 atomic percent; y Is 0.1 to 8.5, preferably 2.5 to 5.5 atonmic
percent: z is 0.1 to 8.5, .preferably 4.5 to 8.5 atom c percent; a
is 0.1 to 6 at gb&fa&rcent bis 0.1to atomc per c pptvusssiogaz0. 1
to 3 atom c percen dis 0.1 to 8 atomc percent; M is chosen fromthe
group consisting of Ca, Be, and vy; 1%/1 is chosen fromthe group

consisting of VvV, Ti, Zr, C, A, Fe, and Sn; M" is chosen from
the group consi $faidigs Qéseﬁson ﬁle aﬁl@s amllihownaﬁ‘ﬂlle Mt‘ﬂfrrule ih high Rafperatufe gagphdse

25 group consisting of Cu, Th, S, Zn, Li, La, Ce, Pr, Nd, Mn and F.

Brief Descripti @ppiiedtiohd)esuc puycwgmmne MgNi based materials are [Eotajiy pg;uij_ab!yﬁgv\/s t he XRD
spectra of the preferred mcrostructure of the present invention

WO 96/ 36084 electrochemical applications because their metal hydrogen bond strength is much too high for
PCT/'US96/ 08712 ) . - 10
conmpared with | Pesticabelecraghemicaapplications, Figure 2 is an SEM
m cr.ogr aph show ng t (o

present invention havi ig& aﬁ%n OZMQ e'héciérﬁgﬁ . phase stggédggda'fﬁ? génestnbﬁave the tolerance

Figure 3 shows tf&%uﬁéuiuﬁ&{m&fuaﬁs\mﬁﬂa%r PIRE St lefembntsthdvay Fivther, Mgt based
Figure 4 Is an XRD of nelt spun materials showi ng their polycrystalline

m crostructure. materials do not tolerate the Witegiitadeof pmciptlatexmsszh(nmmdglumlaﬂw
spun/ nmechani cal 'y alloyed materials having the

M crostructure. solidification. in other words, FPypnicaliays ot thew-TiwiNi fype pr ?wa's a"Pé(% ofdhg LaNseen

nelt spun that hi bi t
pol ycr Sst al i ﬁe ﬁg«pé mlams)lgil;lnra]t% ag rayn%}ltﬁlllldg n?crysw?lographlc phases dunng sohﬁ'gcagon an9 shill

10 result in efficiently operating alloys capable of operating in an alkaline battery environment. This
is problematic with MgNi based materials in that the prebipitated phases fall well outside of
proper thermodynamic constraints by virtue of the faét that there is no Mg:Ni 1:1 ratio
intermetallic naturaily formed upon so_lidiﬁcation from the meit.

The Ovonic MgNi host matrix materials of the preseni invention are high specific

15 capacity eiectl_'ochemical hydrogen storage alloys composed of a Base Afloy comprising .a MgNi
host matrix. This MgNi host matrix is an alloy of Mg and Ni in a ratio of about 1:2 to about 2:1,
preferably about 1:1. The Base Alloy of the invention is modified by at least one modifier
element chosen from the group consisting of Co, Mn, Al, Fe, Cu, Mo, W, Cr, V, T, Z, Sn, La,
Ce, Pr, Nd, Mm, Pd, Pt, and Ca where the total mass of the at least one modifier element is

20 greater than 0.5, preferably 2.5, atomic percént and less than 30 atomic percent of the final
composition.

The language “at least one modifier” is specifically _used herein to mean one, two, three,
four, or more modifiers.
U.S. Patent Application No. 08/259,793 to Ovshinsky and Fetcenko (the disciosure of

25 which are specifically incorporated by reference) described the preparation of MgNi alloys via
rapid solidification such as jet casting, meit spinning, gas atomization, ultrasonic atomization,

centrifugal atomization, and planar flow casting. Such rapid solidification techniques are also

applicable to the present invention.



10 Figure 7 shows the material of Figure 6 follow ng two hours
of nmechanical alloying, that I's characterized by crystallites
exhibiting internediate range order and having a powder size

di stribution ranging fromabout 5-15 microns In size. '
Figure 8 is agy g4t Field mcrograph and Its correspondfcguﬁﬁﬁunntterh

in which " the sized of the preferred nelt spun/nechanically alloyed
materials are shown. 15 Figurg 9 is a TEMDark Field
m crograph recorded fromthe sane areas as own in Figure 8 in

whi ch presents the Oy land 46Rug bl oWshALi é@ps 3. BRefMory Samzsaths

spun/ mechani cal |y al loyed mat'erials of the present invention .

Figure 10 is a disdWshielopWhiciare Indorpdratedby rafetentd) afbr théfommatiorhef highly diserdered

i nterference fringes of 50 A crystallites of MgNi Covmn in the bul k
mel t Spun/ mechamiatedély canl Hemshertageously pmployed jcthe present inventione {This paignt descpbes 5t j on
of t'he Invention

el ect rocheni cal 3pisryYpPIFHIAE E‘P‘ﬁ%ftf?aﬂ'—érgfﬁﬁg"%? e Lsngggé'iﬂ%hds??ﬁy aﬁnﬁ% shbiin of

characterization qQf the m.crostru i ' .

My- NI di sorder e@°ﬁ‘&?’§h‘w§) "\'/U@Feeta? fl@};%"s&!['gs%‘%ﬁ\ c%%g eg‘;ﬂ%% hi n E%t,@éﬁtsqgﬁ'.atei"ﬂ
U.S. Patent NO. rfiisopandetly Geriroftl! with i6pbdh 16 bred o lBhioh /i deihSeas pirftiasy e d
chem cal and netal l'urgi call processing taking i nto consideration

the dissinilar Biiliwie mediigheSof 36 lowarpling [poiets driwith rddifieds) dhat bave quite different
el ements as well as the ready oxidation My in an al kaline environment. In

addi tion, the i mechanicaimetaliurgical charaptesistics e%)campared dasthasetof; the hogt MaNjpaterial.

articular care nust be taken for substijtuti
\B\D 96/ 36084 The method and apparatwt?s disciosed in t %I'Z%Q %atte?ls %@lgrs freoml\ﬁe teachings of prior

nas a i a8 ent AU FIOEPG §mEgieg SSTPID Yt can be irodyoad il th et go thatt oan 11

families of advapeefhereinto with its own independent, separately controliable, quench rate. Thus the
modifying element(s) can be frozen into the host matrix so as not only to enter the primary
bonding of the material to become part of the alloy, but most importantly to be frozen into the
alloy in a non-equilibrium manner. .

18 Such modifying element(s) can be added by providing relative motion between the
matrix and the modifying element(s), such as by providing one or more additional streams stch
as a second stream of material, directed from a second nozzle, in a metal spinning apparatus,
the second nozzle being at the outlet of a reservoir of a fluid modifier material. Such second
nozzle is arranged to direct the fluid modifier material toward the substrate in a stream which

20 converges with the stream of metallic host matﬁx material being directed oﬁto the substrate from
a first nozzle at or before the host material makes contact with the substrate.

By controlﬁng the various properties and conﬁguratiqﬁs of the modified material, the
electrical, chemical, thermal or physical characteristics of the material are independently
controllable. The independent control of the material characteristics, such as the three .

25 dimensional bonding and anti-bonding relationships and positions are not normally seen in
crystalline materials, at least not in large and controllable numbew. This is especially true for a
.d band or multiple orbital modifier element. The d band or multiple orbital.modiﬁer elements -

enable the modified materials to have stable, but non-equilibrium orbital configurations frozen in



Ovonic Ni-MHd materials. As a result of the experience gained from

devel opi ng Ovonic Ti-N based al |l oys of every increasing

conpl exity, Ovshinsky and his team have now i nvented a famly of

i nproved Ovonic My-Ni based el ectrode materials for battery systens that
wll far 5 wosi¥siadss the anticipated el ectrochem cal perfpemessensnd any
negative el ectrode battery system currently being manufactured or
under devel opnent. Wth rggpect to the Ovonic MgNi system
Ni is thernodynam cally destabilizing In the WMH al l oy. This

dest abi | i zat i onyyqfd ifddpendafty cbitmble@edeRrad.ng strength of My, V, Ti, and Zr
wth hydrogen into a useful range for el ectrochem cal application.
Ni is also useful begaumiing proceds) the relatipnsiip ahe Soaug nateof tha matsisjand added magfier
catalysis in an al kaline environnent.

. The present
i nventi on repr celemant{s)avopid gl theadsded elprasty o Wr‘WWﬁ@dmtﬂﬁ?Wﬂd'&%Fisgﬁmm
mul t-i conponent materjals th hav eep. devel o ' | al s
made from eit heonds. The timing °gtl-i‘f’ gi‘g%"%@?’ﬂﬂ?*&? §'°§b°r§ '_%ﬁlg,p{gf)%?p%%? %Ed#gs%ﬁig‘&nt .
i nventi on yses nj Ni t.he ' belcBftiolied dabt
di sorderedgnegaﬁéﬁ%kéﬁ%terc% e “Tr'rt%t E@@?’i“%ﬂﬁ%ﬂm’k”‘?’gﬁ“ﬁﬁed a corrprer?‘ea‘r'\si ve

15 anal yt i Cgy yamePsrdmerhitteftians inay inbRpordly Ga8b6Us Inodifer @laiment(s) tnitheostisarn at
nodi fiers, for exanple transition : el enents, that would provide a

great |y i ncreas@amirshwehe rBydridepantienthe cantroling titkusmvitaomentquenphiapd flow rates and timing a
bondi ng configurations available in order to Eroduce an increase.in energy

density. Secondnew bulk material or alloy Gap e forrpgdwith reg BroPerliRg; Which does, nof havs 8, o
that would stabilize aspﬁel | as ﬁprovi de sufficient bal ance to
the passi vationP‘E’B?eragsib‘ﬁ_ yetAins WetPUAS stics of the resulting alloy. Of

cour se, gﬁ: T *&ﬁhéﬁvﬁl e Hhdaftied ABen GRET o rRothPREtalﬁ&’ﬂlhﬁ al 4 fih Gudflching

passi vati results apacity, poor di scharge rate

per formance, angydQGhodfkd highy didofiered ribbon can be attained which] beaise itdiat béeh fmikendn
realized that unli ke the prior art hydrogen storagbased materials

that typically tieidniofhous gs@bpused s tiel dystalinestatecad which ia modifiedy, willhaveiagignifisant e d
al l oys cannot operate successfully if they are substantiall QF“

pol ycrystal | i ne nurnbsdiof disagsorigiian poists ot mepferyigaand ppnding goints, 1.ee hlgh Yalesich e
SUbst ant i al - many anniegr (ppemeen FHHe B, WPRLEPRE TSN 7R Ao stoms o
The i nport ghce Qfpal BPumbi the maiBiith s bR fori GiSbs dhk WhiSR bantphdvide @ rhaerfal fat WaHN
based s%/sF(gm t(r)l¥1 t ﬁgﬂpr eseﬁ? i nventi on cannot be overstated.
Pol ycryst al | i ne gipfi%eH6 Batdijtic chedifical properties of a metal or host matrix. :
An additional process embodied in the present invention involves the use of mechanical
alloying wherein the component elements are added together in a high energy mechanical
alloying process such as an attriter or high energy ball mill. Grinding for 40-175 hours produces
20 the desired microstructure characterized by intermediate range order. For example {as
discussed in detail below), Mgs,Ni,;Co;Mn, alloys were produced that have hydrogen storage
capacities between 400-800 mAh/g.
It was shown that an optimum grinding time exists for each specific alloy composition,
batch size, and machine. At this optimum time, the microstructure of the material changes from
25 individual elemental constituents to a microstructure including a substantial volume fraction
thereof charactetized by intermediate range order as evidenced by x-ray diffraction testing and
lack of phase segregation via SEM analysis under back scattered electron imaging. A voliume

fraction of polycrystalline inclusions can be tolerated but will detract from the performance
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material s based on MUNi alloys are well known in the art for use in high

t enper ature gas phase appl.i cations. Such polycrystalline MgN
based materi alywodgssobot al |y unsuitable for el ect r oc heUsedins712
appl i cations because their netal hydrogen bond strength is nuch too high
for practical el ectrochem cal appli,gcations. 5

Modi fication of MgNi materials is conpllcaté because My does not have the
tolerance charaétél‘fstic'?.u@échﬁd%ﬂnﬁﬁl chiidy ihdréb8&d 4 gindintRtin®l ificréded bidRe RAEHINY

el enrents have. Further, MN based materials do not tolerate the

wi de | atitude ofg ;{ea|e0||pmisabt&ﬁimpu‘eamsdéiocapmﬂy decrdases asltheophysical structure of the
solidification. In other words, Ovonic alloys of the V-Ti-Zr-N type or
Ovoni ¢ al | oys ofmatdiial mamefbran]agglomefatwﬂ of lagg particlely precipitate as a

| titud f tall hi h d | j.difi d ti
Fesul i otticlent fgﬂ SbRDin ek Ry o S e PN SRR AR g ebent ranfien o
bat t t
mat or 1 21 o B ¢ haes HievaY i e ey e ceei Al Wﬁ"f‘%@ﬂ““%?imm'
proper ther nody Rt #adioR biaricklized by lﬂérhﬁdiﬁe Rihgd di€er| RGrihef Stidting &8 hét chéngd Or

My:Ni 1:1 ratio Intermetallic naturally fornmed upon
solidification fdierhé firoskicture as evidenced by x-ray diffractiofisut d b1facs chdphismalbgsvderat i x
materials of the-present invention are high specific acity

el ectrocheni cal Hagtidiesipdhe lgnnsrqigéo.anrﬂﬂyb!y S-0ficrens tQ)FQW"B@?é“W?%%W?’SI ng
a MyNi host matrix. This host matrj x i na.II lé/%

Ni in a ratio ofPagisiesfover.190 f'l'f'Qi‘BH\ﬁ'ze w'l'ch caused a 5'9"‘ﬁ"‘15'7' "'Ia
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V, Ti, Zr, Sn, l@gacity MgNI based Jﬁ@'ys prépareliy m%ﬁamgéil alloﬁhl heving aprofeiiad béwdeh arficht .al

mass of the at |east one nodifier eI enent is greater than 0.5,

preferably 2.5, diecdtibutidl GloWwéven itk ihstit intention iﬁﬂstaspaciioallypntendedlto indlude I@worfi¢ nal
MgNi based alloys in which higher capacities are obtained in merely a portion of the bulk. In
other words, the subject invention s intended to cover situaﬁt;ns in which only, for example,

15 75% or 50% or even 25% of the microstructure of the alloy exhibits intermediate range order
while the remainder (25%. or 50% or even 75%, respectively) can include polycrystaliine
inclusions. This is because the extraordinary storage capacity and significantly reduced cost (by
a factor of 10) of these alloys would permit the manufacture of a significant volume fraction
thereof having polycrystalline inclusions and still one would obtain high hydrogen storage

20 capacity and reduced cost vis-a-vis the other dvonic families of LaNi; type and TiNi type
systems. _

Another aspect of the invention is the preparétion qf the Ovonic MgNi based alioys of
the Instant invention by rapid solidification, preferably by melt spinning, which may also be used
- in combination with mechanical alloying. The electrochemical performance of powder pérticles

25 prepared from the melt spin process alone can be significantly increased if these powder

particles are, additionally, mechanically alioyed and/or thermally annealed. For exampie, melt

spun Mg,,Ni,;Co,Mn, material was evaluated as having a hydrogen storage capacity of about

300mAh/g. The microstructure of this material included a volume fraction characterized by



conposi tion. The | anguage "at | east one nodifier" is

specifically used herein to mean one, two, three, four, or nore
nodi fiers. U.S. Patent Application No. 08/ 259,793 to
Ovshi nsky and Fetcenko (the disclosure of 25 which are specifically

i ncor por at ed Rvo s@segaence) described the preparation of MN pedrbsosssryi a -
rapid solidification such as jet casting, nelt spinning, gas atom zation,

ultrasonic atom zati on, centrifugal atom zation, ahd planar flow .-

casting. Such rapid solidificatiion techniqUes are al so
applicabl e to t{gmkdRiBige ofiéPRith HSgnificant additional volume HARXidACH BéigtRAtaliine inclusions
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Met hods and appas thé rsultisf sterselocted quenébwratei(mBigher ratet of gliencls prokid®es fePatgenter Negree
4,339, 255 (the di scl osure of which are incorporated by reference)

for the fornati ofsisgfdeti Fhis matarial wesitherogechanical alloyed fofitwe howrscafierphighdt vielded a
advant ageousl y enpl oyed .in_the present .invegtion.. This. ent. descri
,rAI api dl y quenchi ﬁ‘@’“ﬁ%?’th‘b‘VBf?Pr"@E'{%%Wayrﬁitp@ﬁ% to ?‘g‘ﬂ%rﬁp‘ig'%:&‘%ftﬁ%%mgpp 256

| oy and str f . £ SRR W titFos uench
rate of ea?’n of E’? ﬁk&rr"u?‘{if“’é‘l_"g aﬁ&g@ﬁghgghnat eirn;ég'le ried ﬁ%m‘ﬁgndently

control I ed. Wt Bydi3sl ffeknahieal alitRing.” R Bko posbibfeith imake thé icfostrioifé1oraneemelisspun
particularly useful with nodifier(s) of very low nelting points or

wi th nodi fi er ( Snatefisitamopticus god then elthbf leave ittin that amorphous stateharisildest itrtetanlanueabfioc al
characteristics as conpared to those of the host MUNi material .
The met hod and apirsterystalization ansicablein g opfipum epstaliggsizgent differ fromthe

Lenehn0s O DL, K vt b Sl e Wb Ghplod AR
et B REARE 6RO BB e 60l P
A A
800 mAh/g. Commercial NiMH battery products only hgve the hydrogen storage capacity in the
range of 250 to as high as 400 mAh/g. Additionally this particular method of producing high
capacity alloys has another benefit, it is production intensive. 'Mec.hanical alloying alone may
15 require several days of processing before the desired microstructure is attained. The process of
melt spinning is exfremely fast, as fast as conventional melting processes such as vacuum
induction melting. (See, for example, U.S. Patent No. 4,948,423 to Fetcenko, Summer, and
LaRocca,) Subsequent processing such as mechanical alloying, requires only two hours
compared to the original mechanical alloying process alone which took 80 hours to achieve the
20 desired microstructure. . .

One preferred embodiment of fabrication, melt spinning followed by mechanical alioying,
is believed to achieve the same desired microstructure by tqking very finely segregated
polycrystalline inclusions resulting from the melt spin process alone and through a small amount
6f additional mechanical alloying, using solid state diffusion, substantially eiminating these

25 polycrystalfine inclusions in favor of the micrbstructure including a substantial volume fraction
characterized by intermediate range order.

The inventors have shown through extensive analysis that many of the electrochemical

properties of the MgNi Base Alloy can be controllably altered depending on the type and



alloy in a non-equilibriummnner. 15 Such nodi fyi ng

el enment (s) can be added by providing relative notion between the

matri x and the nodi fying el ement(s), such as by providing one or nore
addi ti onal streans such as a second streamof naterial, directed
froma secondwowsesss in a netal spinning apparatus, PCT/U$96/0872Z ONnd
nozzl e being at the outlet of a reservoir of a fluid nodifier material.
Such second nozzl e is arranged t\(mdi rect the fluid nodifier
material toward the substrate in a streamwhich 20 converges with the
stream of et al guactithaefstodiiertelemenisablectedior dpaking gheckisoeieted slegatitetaldchradegndiarials ab e
from a first nozzle at or before the host material makes contact
with the subst r¥glkas precipitation conditions. In genesgl, the Qvenin MgNieoMnrlyle nagptiye slegifadper t i es

d fi i h di f.j ed ial, .th ] ical,
et cal ot hor nlpres thstie Eensint e sk ot redalfto oty SsSife b

i ndependent |y : ' g(g,@ﬁ

mat erial char acter's t%g&@%%lﬁ}%é?{nﬁzﬁy}ﬁbﬁgﬂg@ ﬁgﬂag‘fnﬁrﬁ‘%{ 'géﬁ alfétggdr%ed?d nt gatand
anti-- bondi By r eingtmaieRaiadSo MBNY Vel sitbsIfist R MatéHal refl6lé PRMohivg B&BISel pdisonous _
crystalline materials, at least not in large and controll able nunbers. This
i s especially tspeeed ean ba bound to a number df these diteswithaut sSignificentip dedréasing thedatéli er

el enent. The d band or nultiple orbital nodifier el enents enabl e
t he nodified nafwnbenefavallgbleacfive sitepHThe majerials ks farmed havp aivenniow seif digeharge and

(I::’CC)rll'I IU%S[’S?E)IS;) 22 Ilern% Sor}:dlsnelf life. However, we bali;ele) thga?(hg gl%?é of the present invention still remirl 4

by the indepe ndgg%%?gblggrga%ga}a{@ﬁgns t,mggg;g ﬂt‘{ﬂaﬁf‘gm %ﬁplécat(i#ns twﬁl edeal with deJr%ﬁlgg sl ed

mel ti ng process relatronship and cooling r matri x
nodi fier 40 furthe? iR Pasdivafion oMhélafloyal | ow t he added el enent to be

incorporated in the normal matrix structural bonds. The tim ng of
the introduction of Theamicrostuéture rof mbteraisdap <3l aoywheieamloog the falbwisglcantirdiemendent | y
5 of any crystalline constraints. The low rate of the nodifier el enment

can be contr ol | €epending UpgR the degree of disorder thereof:

15
TOTAL DISORDER

¥

amorphous
(short ragge order)

intermediate
20 range order nanocrystalline

microcrystaliine
; 1)
polycnistalline

single crystal
(long ranfe order)

25
ORDER

However, the inventors have determined that a microstructure including a substantial
volume fraction characterized by intermediate range order is desirable to obtain optimum
30 performance for the Ovonic MgNi based alloys of the present invention. For purposes of ihis

invention, "microcrystalline” is specifically defined as material with crystatiites having -a size



be varied or intermttent and may incorporate gaseous nodifier elenent(s)

In the stream or envi ronnent. By independently controlling the
envi ronnment, quench and flow rates and timng a new bul k materi al
or alloy can be forned with the desired properties, which does not have a
counterpart iwwogoesgdsal | i ne materials. 10 By (roaviiskénsgiat he.

nodified nolten nmetal or nolten netallic alloy, at a high quenching

rate, a nodified highly disordered ribbon ggn be attained Wiich, because it
has been frozen in 't he anor phous as opposed to the crystalline
state, and whi Ginge Sf 45o6tis0i16®A . WiAnorphans? isasperifigally defedés material having shatrange of
di sassoci ation points for nolecul es and bondi ng points, i.e., high valence
atoms with order of lesadhay 20 Angsiromel "dlanagrystalines metsral han kese deigekalio¥ens  whi ch
provi de bondi ng points for free atons s so.that .the materia

f
has utility in stor ftiRjgyaietiafg WF??WEH%A‘%Y%W a'@n%%,pgfugw ATt can
sinmul ate the cat a%é@@é?g%g@dgog!aquéxﬁ%g% @@@eéﬁfmﬁ nitka1 Bhe BonERhest! Blihg

An addi tional d'i’t?) ( _ ent 1 nvention I nvolves the use of
mechani cal g solidificatioft frbrR YHe Wb MURNIDF Mokt May By REdREEd. CNAAETOF thestl thastd tas]
together in a high energy nechanr cal al | oyi ng process such as an
attriter or hi Gher@Bdh@iic bropdrtiediptavidingshydngiembont strengths in7busefulmaagedoroduces 20
the desired microstructure characterized by internedi ate range order. For
exanpl e (as electrochemidal purgese® dA$ disayesed inl preyioug patents and patent applications on this
My[err]Ni[err]Ni[err]Co[err]Md[err] alloys were produ .that have.hydrogen
st or age s“Lleﬁa‘ﬁdEY%‘?e&’“'B@(%éﬁ aaﬂeg'%?\gfmﬁ 6'.0'99 B0 i hctbratl s WS | t
was shown that an obtinmum ar.indi i | |y | oy
Corposi 11 o, - & ol bb SRyl s skl el Shch ok BSTRARBRGH, W e Y, |

m Cr ostrugigur € herhniiéy MR didk traibAiBs fempbratdfd for tidSmaterial ExXtebdé|400°T indidaBrigitnit

constituents to a mcrostructure including a substantial volune fraction
t her eof char act fedeafuderat willlia®y sdientistabliif fg @sein ery highcterapdralwa opsiatiops likely toy

diffraction testing and | ack of phase segregation via SEM
anal ysi s under beeolseendw tatrechargeablecatteny n(Typically, hatterytempsralures are rarely in excess of
fraction of polycrystalline inclusions can be tolerated but will detract

fromthe perfor '
Through high resolution imaging the inventors have determined that preferred materials

15 of the present invention can be adequately described as exhibiting a microstructure including a
substantial volume fraction characterized by intermediate range order. We have evidence that
higher electrochemical capacities are achieved when the size of crystaliites is smaller. That is
to say, as compared to a microstructure of crystaliites around 50-70 A, capacity was increased
when the size of the crystallites was reduced to the 20-50 A range. Further evidence supporting

20 this conclusion was gathered by x-ray diffraction analysis and electron diffréction of selected
areas in conjunction with transmission electron microscopy. This increase in performance is not
necessanly surprising if one takes into consideration the gregily increase;! surface area that
.becomes available for storing hydrogen. In material having such small cryétalﬁtes, there is little
or no difference between the surface and the bulk of the material.

25 As discussed in detall in copending U.S. Patent Application No. (obc 58.5) the most
desirable metal electrolyte interface occurs in an Ovonic nickel metal hydride system when
suiface oxide is imbedded with metallic nickel regions typically in the range of 50 A. Tﬁis'

surface interface is highly desirable for catalytic gas recombination and general performance



WO 96/ 36084

PCT/ US96/ 08712 ' 15
characteristics. Electrochem cal capacity increased as grinding tine

i ncreased before reaching a peak. If this optinmumis exceeded,
capacity decr eqedgnseset he physical structure of the POAEE06/08712
changes to an aggl oneration of |arge particles. Said
differently, peak capacity of the Ovonic I\/\?\yg based al | oys of the present
i nvention 5 was achieved with fine po r particles all having a

M crostructure igisgetics $lh as Mgt fate?dht ilc temperature dischéfleUTHR iive6rs ihéVa been able to
characterized by internedi ate range order. Further grinding did not change

or - al t cachibveca similar size catriytic steucture v the delk ofthie bresent invaptiahi whien asulistantial but
did in fact cause small powder _particles in the range of 5-50,
preferably 5-10,volmefigetion otthe, base Sieyrcansists of OyonjeYigNi mategjel haiagfeystallites of less
particles (overatgioo K\ crons in size) which caused a significant decrease in
active. surface dPASORRSIZE.  n4 hence decreased catal ysis. Therefore, one

aspect of tge Invent !fmasbe%t 3&?:43&9&6}'1“@19 fioh Y J'é%brala roach for ‘T@?‘?@J’A&‘Wﬁ'

based al | oys prepared by nechani ca oyi'ng having a preter ( _
particle alloy ditbRnaiteSih MoRIHids6d hydfdgeEitdtige rhdidiials i Gdhic ailtyS BAthOTVENI
al so specifically intended to include Ovonic MgNi based alloys in

whi ch hi gher capkesed systomdncecasdit perforedinderis typicay solatedjo cdrfosion wiluctidre lip cdnkrast) in
ot her words, the subject invention is intended to cover situations in which
only, for exanpltBe Ovanis MgNi bgsgdsysters, tig preblem mpst e aprsgacheddrom the eppesity direptien. of

th [ hi bi I nt di at d . whi | ] ind
e o B Gl ok 18y e PG A TS

i ncl usi ons.,nThi's_J t ' ' .
i gni 11 cant 1y 1 cPisauP R i PARIoR B o ALEEAR 1 GafbY o BHneton of
woul d permit thempRUhRChslidlinglypeofShlith biideintavirabis!ruldctrétfibrhitd) operation as

t her eof having pol ycrystalline inclusions and still one woul d obtain high
hydr ogen st or agedistiduished frora jpidn, imicrepocbus, etbuicaiytk iotedsdce Wavdngaoatalytic andametetiicavckel
Ovonic famlies of LaNi[err] type and TiNi type syst ens.

Anot her aspect ofe@Pfe jnvention is the preparation of the Ovonic MyNi based
L0 Oy et s A IR e L b b4 e
combi nat i omsw t NofRAIBREH thePdesRebleibrastnuctlie GesthibealdboVel AT staftld eBfér MicriBtRickiref
powder particles ' .
analysis indicates that in unmodified binary MgNi alloys phase segregation occurs with large
size crystallite inclusions having great differences in chemical composition from one phase to
another. In contrast, the Ovonic compbsitions of the present invention are suited to fabrication
via rapid solidification techniques. In general, in unoptimized disordered MgNi based atloy
20 materials, there is some phase segregation during solidification, but the ct;mpositional
differences between phases is significantly reduced and the amount, size, and distribution of the
phases is finer and smaller compared to alloys of unmodiﬁg& MgNi bina-ry systems.
The inventors believe through optimization/increased modification of the chemical
. composition, the amount of phase segregation can be reduced to the point that the most
25 preft.arred small, fine distribution of phases and crystallite sizes will be attainable solely through
the use of rapid sofidification and without the necessity of an additional mechanical alloying step

as described below.

General performance can be improved by tailor making the surface oxide interface for



25 prepared fromthe nelt spin process alone can be significantly
I ncreased i f these powder particles are, additionally, '
mechani cally all oyed and/or thermally anneal ed. For exanple, nelt
spun Mg[err]Ni[err]Co[err]MJ[err] material was eval uated as having a

hydr ogen st or apeegpsaci ty of about 300mAh/ g. The npet/osisioshas ure
of this material included a volune fraction characterized by
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i nter medi at e r desiyeble oxitntioniassivationsiogosidni propardiess i aspeshef|the,RipseptdnveRtiop invelyps o f
pol ycrystal |l ne incl usions i as the result _of the selected %uench
rate (a hi gher amawanodel fof yadeestending the sudace propefties of Qyquic disarjpred negative e

ctrtglF
Cheohter) o OB il PR i s b, ° =

possible to fur, Oonti t i nai it g OV
quenchi ng and F#lglgéus é@‘&'ﬁ%ﬁ‘aﬁ ;Js?(?pﬁPFJIJnceS& cOitisiol aRtl (HeSivilion characterishiés dxi3ia

aving the preferred mcrostructure w thout
addi ti onal gmechg@giHig'susH 4 BirinEDbegint Wit viewisalliovait il inetalideide hétative electrode
m crostructure of the melt spun mat eri al anor phous and then either
| eave it in thaystemoigtineing a sortitummoof psssivatiss and ¢orrpsioncmoperipeddpending upon the’
nucl eate crystallization and obtain an optinmumcrystallite size.
The per f or manc eslagfentsiyisesl inranyanarighlar system.c Sushipepartios of fypicpl base Apd fodifiey elements
know edge, no nickel 10 netal hydride bulk material has previously
been produced tFHEWAN taRIBILPMf such out standi ng per f or mance,
i ncluding for exanple the aforenentioned hydrogen storage capacity of close
to 800 mAh/g. Commercial N MH battery products only have the
hydr ogen st or age—eapeactty—tn—tire r-ange—of ' )

mah/ g. AddPti orja¥ab® 1t hi s parti cul QPWWWPM%Q hi gh

capacity al |l oyg-tas—amotirer—tbermeft—t—T5 T i rMrenstve VEChant gal
al l oyi ng al one%rraﬁ“gh‘lf?ass“’at'méqui’r e/ sever’g’d iéf’ Zr ocescs}rzs% ’bef)o ighly e
desired m crostlruct ure I's attained. The PPEEERYNEP omos¥%el t  spi nni rg
Is extrenely f4&st, nveIt I on [ .procgsses suc acgum
i nduction nelti nq.u?%éﬁ%bﬁﬁ'éﬁlgnpl , U g_r, h@zﬁ!&ggﬁo 41948, 423 ?’oﬁ'SMX

Fet cenko, Sunmmer, and

With this knowledée, it is possible to formulate combinations of elements to modify
15 electrode materials that will consequen;dy have ; proper batance of corrosion and passivation _
characteristics and fall within the "operative window" for a particular alloy. Ovonic TiNi type
alloys have been optimized for such corrosionlpaésivation properties isee. for example us
Patent No. 5,238,756 and 5,277,999, discussgd above). Similarly, the production of Ovonic
LaNi; type electrode materials required the introduction of modifiers to contribute corrasive
20 properties and move these generally passivating alloys into the "operative window." (The term
"operative window" is used to refer to the range of passivating and corrdsion properties of
‘negative electrode materials which provide for commercially acceptable electrochemical
performance characteristics such as cycle life, power, etc. This operative window is unique for
every nickel metal hydride alloy.) Modifying the characteristics of the surface oxide permits
25 custom engineering of metal hydrogen bond strengths and improved catalysis and
electrochemical stability such as cycle life.

Stili another aspect of the chemical modification of this MgNi based alloy system will



LaRocca.) Subsequent processing such as nechanical alloying, requires only

two hours conpared to the original nechanical alloying process
al one which took 90 hours to achieve the 20 desired m crostructure.
One preferred enbodi nent of fabrication, nelt spinning foll owed by

mechani cal al | @0 dsficoss is believed to achi eve the sanfeflesci®d: .
m crostructure by taking very finely segregated pol ycrystal li ne
inclusions resulting fromthe nmelt spin proggess alone and through a small
anount of additional mechanical alloying, using solid state

di f f usi on, substoité mbdifyingthb metatkirgical propertins thelésf such apdicijity, fesrnatioh pisyrface area
inclusions in favor of the microstructure including a substantial volune
fraction upon eyliinp Jeechanicaintegrily anddisinleg@biak ¢ r ange order.

The inyentors have shown_t hrough extensive | ySi.s..t.h man f th

el ect rocheni cal . Table 2, bamﬁgﬂ'?@ 'SP"We‘in\}ENﬁ h’;tgﬁ ai‘%'?‘?f %‘Hﬁarboi dlementa
controllably altered.de ' i : WO 96/ 36084
PCT/ US96/ 08712 modﬁicatlgnsp ;%Qéi&é‘ﬂ t&%&dﬁﬁa&d Qfoyé‘&qhe present invention. 17
quantity ofgnodifier elements selected for making the disordered negative

el ectrode mat er iret-s—as wetrtas precTr prtattom cordirtions. N
general, the OvqrfisBefyNi Covh styl e negative el ectrode alloys o

the present invemtTom i E—TTUqT ot E\lrew STant 1 o“pegraamo o1 sont hg
t han prievious MiNi Hased alloys la property th | es

to long cycle lijffe. ItCais belli eved ¥hat 5 tBhis matlerial h@ so nmapy

active sites thet—ﬁ're?ra'r'a ot I_Ebi.ht S POT{SOoTH nnge(,duse pOT SOTRIS
. e . . . .
species can be Qound tO a nunber of theselsites wihout Kignificantly

decreasi ng10he tlotal Y nunbetr of avail abl dnacti ve| sites. SiThe
material s thus formed—fave—ajvery tgw setrfdrstirgpye amdi— Zn TTETCE
good shelf life. However, we jbelieve that fthe alloys of fhe present
i nvention still remain susMepti blje to passivatipn and therefor¢
future patent applications w o ' decreasi ng stifT La
Sn Ce
15 . ) Pr
Nd
Mm
F
20 Group 1, Ca, Be, and Y can partially substitute for Mg.  For instance, we expect that

the substitution of an element like Ca for per!iaps a small portion of the Mg will increase
chemical disorder without significantly reducing the hydrogen s'torage.capacity.
' Group |l elements permit the custom engineering of meial hydragen bond strength,
activation characteristics, and surface oxide characteristics. The choicé of which element or
25 elements in the group will have which specific effect is dependent on the other component
elements for a particular Ovonic MgNi based alloy. In general, the effect of the Group Il
elements are closely interrelated. For example, Ovonic MgNi alioys yield Signiﬁcantly enhanced
performance and exceptional bulk material capacity, but they still tend to passivate which
indicates that further optimization is necessaty to bring them more completely into the operative

30 window. The inventors have shown that oplimization of these alloys begins by imparting



10 further the passivation of the alloy. The
m crostructure of materials can fall anywhere along the follow ng conti nuum

dependi ng upon the degree of d| sorder thereof. 15 TOTAL DI SORDER
anor phous (short range
order) WO 96/36084 I nt er nedi at e. 20 PCT/US96/08712
range order ' nanocrystal i ne

m crocrystalline 29

pol ycrystalline single
cr éSt ;ﬂ oe additional corrosion characteristics to the alloy surface. Such a course adjustgnept wlthnge

or der

Hoge;/er tlhe I MUN'QMHSBNMMOEEWGMWMG;?«QFW&N RATEOpiVas elPTIRNES Augh ?sn‘(:F'li’(ﬁ‘ﬂg a
substanti a raction t b t t

order is desirdesan think st the addsiop P?’r&rﬂ“ arsa}geﬂeli ﬁ °0?9H’éﬁééi"s$%eg‘?%|hg (e_)/(r)ange
MgNi- based aIIo S of th F
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i nventi on, efined as material wth
crystallitgs hat“l’oﬁﬁ tRe &ddién of elements such as CrY¥, 95/336@%«! Cu which can be used in
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range of about Gmhbihbtidndto ackiévenizwtect balsncs petwedni combsion addpassicafiomwhilent er i al
having short range order of less than 20 Angstrons.

"Nanocr yst al | i nwéintaigitgegdod icathiysis andenetal bydragenibond styength.
The elements in Group Iil, B, Bi, Sb and In are considered glass formers that effect the

formation of crystalline lattices. As stated previously, Ovonic MgNiCoMn alloys have an
10 improved tendency to avoid phase segregation during solidification. It may be possible to
completely eliminate phase segregation through processing variations such as faster cooling
rates and more careful control of ribbon thickness. Another approach is to provide a base alloy
that has an improved resistance to phase segregation. The addition of Group i elements may
assist in this regard. The introduction of B, for example, into tﬁe lattice network will eliminate or
15 reduce the size of the crystal lattice networks of the material.
Finally, the Group IV elements affect metallurgical properties of the base alloy,
particularly disorder, density of state, hardness, and ductility. U.S. Patent No. 4,716,088
describes the concept of surface roughness and the desirability of /7 situ surface area formation
and particular elements useful for controlling this property. In the Ovonic MgNi based alloys of
20 the present invention, a similar effect (among oihers) may be achieved by t.he addition of Group
IV elements such as Li, Zn, La, Ce, Pr, Nd, Mm, and F. Mg in the MgNi based alloys is a .
rather soft inductor metal. The addition of Group IV element.(s) imparts :'a desirable amount of
brittleness. In essence, the addition of Group |V element(s) changes the sﬁape of the MgNi
based alloy's stress-strain curve or toughness. As a result, when hydrogen is incorporated ipto
25 the lattice of the alloy during initial charge/discharge cycling, this blittleneg's results in the
formation of a high surface area through the formation of microcracks. This increase in surface
area improves the surface catalysis _and discharge rate characteristics.

Also included in the scope of the present invention is the use of various kinds of



It is known that in the magnesi um ni ckel system al one no naturally
occurring internmetal i c conmpound of approxinmately magnesiumto
ni ckel one to one is present. During 5 solidification fromthe nelt
My2Ni or MgNi.[err] may be precipitated. Neither of these phases has

t her nodynam c Wo@g8dok4 €S Provi di ng hydrogen bond strengths i pcernsséistiz
range for ' el ectrochem cal purposes. As discussed in previous
patents and patent applications on this subj ect we have determ ned
that an approximate 1:1 ratio of Mgy to Ni i§3preferabl e. This ratio

can only be achizgKgagbnivd BRAIRPEARNAMsRS MRS elRGrothiikcaPerfBhahddliLls, Patent No.
solidification. W have 10 determ ned that the glass transition

t enperat ure for 416,988 ddcEsscthat theqedoimanda®ff YTIZNCoasad| Owmic aigys (tddh have a
these materials will have sufficient stability for use In any high

t enper at ur e opertendensido ¢arriedd) pan ke significantly impravechbydteatingithe electredersirfage aish an
battery. (Typical Im‘,esbatter eratures are rarely in excess

f
100 1] ) * skt sion” coRFRh 5 PubiP hoserdnpeiteren i ngassiaiendr s
can be. adeqhat e!¥ et fsihe oGl foge 2oty prfoe! ot ik dehls °

substanti al vol ygRockdud chide Rat Wik 26 uRdesifddié iEbblecijchenBA bialge disgitige dhbl dabiysis/e

have evi dence t hat hi gher el ectrochem cal capacities are achieved
when t he size ofThas, Whiledikalinecdiching ascordingas the tduakings df prior art is unacciéplablefyr, acivation
conpared to a mcrostructure of crystallites around 50-70 A, capacity was

i ncreased of the pydsent MoNibased- alloys( it isirosailie to activite Mabli hased systdme geingan t he
20-50 A range. Further evidence supportin t hi s concl usion was

20
gat hered by x- r 3pUmized alkaline eteh treptmels Peeforably an adid qtelyiregimeptis,eppleysd-of sel ect ed

areas i1 cqal uncti on olih h o PRHThARLObyBHRG bis o AR AMVmerthd Spdl6d iBRE°

I n perfor mance i s not necessari surprising es 1nto

consi derati on t hg ugldié) bdwdePfroPRIRicaiing iR GRcitiu8)with 2 lacidic solution such 3§ CONES
avai l abl e for storing hydrogen. In material having such small crystalites,

there is littl e hydrochloric-acid fof sufficiesit infiecand tehipelafire o atjust e Bicvbonasity efithk dxdtle bul k
of the material. 25 As discussed in detail in copending U S.
Pat ent Appl i cat i syrfadep In gamesiteagions) the [yee ofy @acid treatmont or any ether type of sejvtion that is

OO R oh Bl R o S ol il ST "
L2001 SO0 et 50 60 . 10 ik o 4l
material to the hydrochloric etch for 2 hours at 50°C.  Also included in the present invention is
the use of thermal annealing at appropriate fimes and terhperatures to optimize the disoﬁemd
MgNi alloys of the present invention by adjusting their microstructure. If, for example, it were
observed for a particular alioy (produced using rapid solidification, mechanical alloying, rapid
20 solidification/mechanical alloying, or any other hethod) that the microstructure was substantially
amorphous, it would be desirable to thermally anneal the alloy to nucleate crystallite growth.
Such thermal annealing may be performed on the alloy pov(t.ier itself immediately after
-fabrication (via rapid solidification, mechanical alloying, rapid solidiﬁcationlhechanical alloying,
or any other method) as well as on fabricated negative electrode material.. .
25 In their most general form, a disordered MgNi based electrochemical hydrogen storagt;
material of the present invention comprise materials having the composition of general formula
m:
R, (Base Alloy),M,
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properties such as high rate and | ow tenperature di scharge. The inventors
have been able to achieve .a simlar size catalytic structure in

t he bul k of thgods8set | Nnvention when a substanti al PCTHAISYETR712
fraction of the base alloy consists of Ovonic MgJNI materi al having
crystalites of |less than 50A in Sif.f' 5 " An aspect of
the present invention is a general approach®Tor inproving el ectrochem cal

al 'oy per f or'mangere8d¥ Miloydsroshoy SrWgOBa INi itaatdOs? o aSdut £ fo abbiit 264 ANi C
alloys of the TiVZrN based system i ncreased performance is

typi cal | y rel at eeprdsents etrieastonermodifiel eteimeotthosen fromiiier gnsp, cossisting of Co, Mn, Al IFe,

Ovonic MJNi based system this probl em nust be ap&roached fromthe opposite
di rection. Cu, Mo, W, YisTi: 4’-r£‘r15ﬂ/§d ZR Gk Navfdela. Sor R} Md. Min. Pd. Rtetnd Ganb

h d f Ni d all 1 \ i f
oxi de. Pass) vat AT R0 SRS peeeoiates o db glemisFREnedp s - poicgens ' 2o
thick, densg, ingubalidat éaﬁﬁ\ﬁ'gt\@ﬁas%‘Elgﬁl‘gale%hlqﬁdﬁéyn%a%ﬁﬂﬁlQxhibits a

sheda froma t

el ectrochem cal "operation as I st ngul hi n,

m croporous, el qfidrbshudtinrd inchdiRy 4 Pohfnd TRicHon Sharadtetizet! yGntert@diiee tadpé brideri Ckel

regi ons. Yet anot her aspect of the design of the

mat eri al s of the preJbasffecinvEhe adiition of Cr e be eeentivesuch Sisordered negative plectrodé t he
desirable mcrostructure described above. As stated earlier, mcrostructure
anal ysi s i ndi catmeaieriels fiat haye thepempesitienofiermulr @ MgNi  al | oys phase segregati on

occurs with | arge size crystallite inclusions having great

di fferences in chem cal conposition fromone phase to another. 1In
contrast, yge O/@ni c conpositions of thgpy ol Nvention are suited to
fabrication via rapid solidificatiofn t&chniques. In general, in
unopti m zed di sordered MgNi based alloy 20 materials, there is sone

G 11 or ences bet Wasr b 11 8% die Bfand roerily 2015 SHRIE bl T presence i o
and di stri but i Onfegults in&iuced oxide thickness; a conductive and/or catalytic component on the surface; and
the reduction of species like the hydroxyl ion. While Co does ‘oxidize and is soluble, it is also
15 believed that cobalt oxide can act to inhibﬁ the oxidation of other elements. Further, itis
belisved that in the alloys of the preseﬁt invention, Co alters the microstructure in such a way as
to introduce changes in the mutual solubility of the elements of these alloys, wherein hydrogen
in a particular phase is not easily discharged either through low surfa'ce area, or an oxide of
limited porosity or catalytic property. The adgiﬁon of Co to disordered MgNi based alloys
20 appreciably improves electrochemical hydrogen storage capacity.
The role of Mn is observed in such disordered negative electrode materials that have

the composition of formula (3):

@ (Base Alioy),Co,Mn,

25
where b is 0.1 to 8.5, preferably 2.5 to 5.5 atomic percent; cis 0.1 to 8.5, preferably 4.5 to 8.5
atomic percent; b + ¢ = 0.5 atomic percent and a + b + ¢ = 100 atomic percent.

In the alloys of formiula (3), ihe addition of Mn yields enhanced rate capability, low



phases is finer and smaller conpared to alloys of unnodified MgNi binary
syst ens. The i nventors believe through

optim zation/increased nodification of the chem cal conposition

t he amobunt of phase segregation can be reduced to the point that the nost .
25 pref er hggogidkids - fine distribution of phases and cryspet/isdsrsarzes
w Il be attainable solely through the use of rapid solidification
and without the necessity of an additional chani cal alloying step

as descri bed bel ow. Gener performance can be inproved

by tail or maeki ngmrpbatufelpeféfiende)Xaridancrdabe Hydvegenfsturage capacity. It is believed \tifat @hsn36084
PCT/ US96/ 08712 20

desi rabl e oxi damndsgrgssts iMneassists thealectachemicab disghaige raagtion ahlow tamperatus byt he
present I nvention Invol ves a new nodel for understanding the
surface proper t Promotng balkgifisionAf bysiregen akjow ?Q!RP'FW@ 9@F alEe pw,eptalyzing th reacton of

t I On t d f
oresent | nvent i brden and gl o udna sy i AR 9'5?*’??;"5?* el §°

corrosion aé"nd p% ﬂ EBW;” characteristics exists. Reachi ng such a
bal ance bedi ns Ww2n*®*/iewng all Ovonic nickel netal hydr i de negative
el ectrode  SPieFéiiRctd of théinktehlPofEI Présaitirivertion pre Satistidt byGciaDebnic
corrosion properties dependi ng upon the el enents used in any
particul ar syst esgatiUddctrpdeatdsrials @entaifing Amnd ¥| hivingdhegohpesliidn f i er el enent s
are shown in Table 1, bel ow 10 Table 1
Passi vati on/ Corrosi on Properties hi ghly passivating | | |
hi ghly . coperative w ndow>
corrosive “ La, Ce, Pr, fRgseAepGoinAlV.l Zr, M, O, Fe, Ti
Vi W M 44
where b = 0.1 t0 10.0, preferably.z.o to 8.5 atomic percent; ¢ = 0.1 to 10.0, preferably 2.5 to 8.5
atomic percent; d = 0.1 to 10.0, preferably 2.5 to 8.5 atomic percent; e = 0.1 to 10, preferably
2.5 to 8.5 atomic percent; f = 0.01 to 10, preferably 2.5 to 8.5 atomic percent;, b +c+d+e+f
> 0.5, preferably 2.5, atomic percent; and a + b + ¢+ d+ e + f= 100 atomic percent.
15 In the materials of formula (4), the corrosion/passivation properties or the disordered
MgNi system are shifted to a more corrosive region of the continuum, while excellent stability
and catalysis is retained.
The disordered MgNi based alloy materials described by formulae (1) to (4) above, are
part of the present invention ohly if they have-a microstructure including a substantial volume
20 fraction characterized by intermediate range order. Attaining this microstructure requires
specific processing, such as the melt spinning or mechanical alloying or some combination of
the two as described above. In contrast to these materials, _the materials having a composition
corresponding to formula (5) are not necessarily limited to a particular microstructure.
25 - (9 (Mg, M Niy, .CoMn,), ., M M™M",

where x is 0.01 to 6.0 atomic percent; y is 0.1 to 8.5, preferably 2.5 to 5.5 atomic percent; z is
0.1 to 10, preferably 4.5 to 8.5 atomic percent; ais 0.1 to 6 atomic percent; b is 0.01 to 2



Wth this know edge, it is possible to fornulate conbi nati ons of el enents
to nodify 15 el ectrode materials that will consequently have a proper
bal ance of corrosion and passivation characteristics and fall

Wi thin the "operative wi ndow' for a particular alloy. Ovonic TiNi type

al l oys have beggogighdsm zed for such corrosion/ passivation pregppédeesnt see,
for exanple U S. Patent No. 5,238,756 and 5,277,999, discussed
above). Simlarly, the production of Ovoni LaNl [err] type

el ectrode materials required the introductin of nodifiers to contribute

corrosive 20 atomip pBéikci€E.0PREG dIBINE pdritRe @ DRI Blatamidpidehty M istBiosdh oS
into the "operative wndow " (The term "operative wi ndow' is used

to refer to thethegrogecanbisting stCa;Be] ang Yo iscbesen fom the[prasp eorsisting offV, Ti, Zr, Cr,
negative el ectrode materials which provide for comrercial Ig accept abl e
el ect r ocheni cal Al Fe, and Sn; M"je glogenfeamtbe gioup enpsieting ot 8. &) Iy 3pthShiendicischosen o

T, etc. Thi ti wi nd ' | f I ckel
retal hydri de altByePBAPFHHG thaPoafhbt b CorProld imePs o face oxi de
It 2 t ' | :
Tproved o8tal ysi s AU WANIYaGa Gefloo et e INPRER ER B HUCEANRE 00

life. and batteries. ﬁ{eisé-incladbqef‘iﬁ‘ls FEViRg 6 lsutitfantidiy it PRI disdldere® Hidativeat | on

of this MgN" based alloy system w WO 96/ 36084

PCT/ US96/ 08712 electrode, a separator, and a positive electrode or counter electrode that is substantially fidand

i nvol ve nodi fying the netal lurgical ‘properties thereof such as ductility,
formati on of suploaeddo e inpperative contagl withthe pegativecplechiederialyirelaells mada by spitallvy n

di sintegration. . . Tabl e 2, hel | ists difier groups |, |1,
1 el T b Get ol abryan afe apd g i or use e sloBie yahige, B, Ge

_?_g;f Lb Ize b therhPhbiaigaiad cals 'oPS pfabent ifenBdn®af Ude dn) UESSHnaE contatner, and can be

Y constructed, for example, of metal or plastic.

A 30 weight percent aqueous solution of potassium hydroxide is a preferred electrolyte.

In a particularly préferred embodiment, alloys used in conjtinction with advanced
separator materials as disclosed in U.S. Patent No. 5,330,861 -andlor advanced positive

18 electrode materials as disclosed in us Patent Nos. 5,344,728 and 5,348,822 yield improved
' performance over prior art alloys for certain electrochemical applications.

Besides the improved performance characteristics discussed _above, modification offers
cost advantages of aimost an order of magnitude compared to conventional metal hydride
alloys. This is, of course, in addition to the cost reduction in resulting from the use of MgNi as

20 the Base Alloy compared to previously described non-Mg based Ovonic alfoys that are about

ten times more expensive than MgNi materials.

Examples
The Ovonic MgNi based alioys described in the following examples all had the formula
25 Mgs,Ni;Co,Mn;,. These materials were prepared in bulk using meit spinning rapid solidification
and/or mechanical alloying (MA) as discussed in detail below. The MgNi base alloy materials
were formed into negative electrode belt according to the method described in U.S. Paterit No.

4,915,898. The belt was assembled into trielectrode cells for testing and evaluation.
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Mm mple |
F 20 MdNi Based hiloy Galk mBterials weire Yormalateq asing thé mechenitat alloying progess

My. For instance, we expect that

cheni cal disorder wi thout signifi

t he substitution of an el ement
like Ca for perhapstuiors Sainplespwere ramovest frantibe atyitaniat the F"ﬁﬁ'@‘&“s‘&ed in Table 3. The
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el ements in theFﬂﬁr@sup3\Qﬁdllhe %Mﬁ 10k th leldiBsheiical t&i&n@%ﬁmdn&ﬂzd&m@aﬁ\eal on the
ot her conponent el enents for a particular Ovonic MJN based

alloy. In general, the effect of

the Goup I

el enents are

closely interrelated. For exanple, Ovonic MgN alloys yield significantly

enhanced per f ormance a1d except |1gg'§5 bul k mat rial capacity, but
they still tend to passivate whif I ndi cates_that further
optim zation is necessary to bri 18,1,{?[;,5%%@ CoMhatie! Yl into the operative
30 wi ndow. The inventors have wn that optlim zatibn of these alloys
begi ns by {gmparting WO 96/286084 140
PCT/ US96/ 08712 : 22
addi ti onal corrosion char act eristics to4ehe allqy s@2fage. Such a course
adjustnment with MgNi Co gy S—i-s—achieved—tht ough the addition
of corrosive elenments such as V §nd Al . 83 632

164 588

15 )

This example shows that an optimum grinding time is attained after which the performance of
the materials begins to degrade.

The preferred intermediate range order microstructure of these materials can be seen in
the superimposed XRD spectra of Figure 1.

20 The micrographs from the SEM anaw'si_s are shown in Figures 2 and 3. Figure 2 shows
substantially homogeneously distributed crystallites of the material nearly at its optimum capacity
in a sample of material taken after 90 hours of mechanical alloying. Figure 3 shows the effect
164 hours of mechanical alloying. The fine particle structure of the alloy has been destroyed:
the substantially homogeneously distributed crystallites have agglomerated or "clumped”

25 together.

The preferred alloys of the present invention have fine alloy particles exhibiting a

microstructure including a substantial volume fraction characterized by intermediate range order.



One can think of the addition of V and Al as useful for the course

adj ust nent of corrosi on/ passi vation properties. Fine adjustnent in
t hese MgNi Covn alloys is achieved 5 t hrough the addition of elenents
such as C, Zr, Fe, Sn, Si, and Cu.which can be used in

conbi nati ons %g%%gve t he correct bal ance between corrosi

passi vation whi'le mai nt ai ni ng good catal ysis and neta ogen
bond strength. The elenments In Goup IIl, B, Bi, Sb and In
are considered glass farners that effect t B8 for mati on of
crystalline | atgk, 2 As stated previously, Ovonic MgNi Covh alloys have an
10 i nproved tendency to avoid phase segregation during solidification.
It may be possibl e tBalk MgNi disordersiCiatetios eléctrodd rateriaiwRrdXapidEsdidifFdLY Alelt ON

t hrough processing variations such as faster cooling rates and
mor e caref ul cpinning. Bﬁwmatbrtadmnmmpc\kdvemwm@hetp adpion oitride ciugible andhested e a
base al |l oy at _has an inproved resistance to phase se?%aatl on.

The addition of? '@‘B‘Hﬂ“’l”l"f abput 1030(C  The,ett was injected gnte & fast spipnipg, wheef umingat T o

100U i AR S TP e
Finally, the G@ieh¥ fbBomRR of tchaer SRl Jﬁésswaﬁmm@rm%s@sommw%@ase

al | oy, particularly disorder, density of state, hardness, and
ductility. U S slrﬁblédabtforﬁi@soﬂerzaﬁe@ﬁﬂ electrodes. Thesdldisotderdda@gdiiteceletrodes WereO f
surface roughness and the desirability of in situ surface area formation
and particul ar askemhbiadtinto tricleétrede £olis. Theae ralé Wpragyalddi Jheresyite areyprespnted dabilyoni ¢
MgNi based al | oys of 20 the present invention, a simlar effect (anong
ot hers) may be LelPey ed by the addition of G oup |V el enents such
as Li, Zn,sla, Ce, Pr, Nd, Mn and F. My in the MgJN based alloys is a
rather soft inductor metal. The addition of Goup |V elenment(s) inparts a
desirabl e anou =i

G oup |V el enerftTable %WﬂﬁEUMDMMM@aNQNI

based all oy’s

stress-strain ~ve—or—tougimess T As—aresttt L, wiren ywugcrr

i ncor por at ed i rjtdischarge 'ate("’gfﬂé | at|tPraciimApigh Samplgy duFﬂPP@VK’Fﬂ'l’q)a$a"‘Plez

char ge/ di schar 'g1e CycCi n%, Th S ot Treness,. resurts I r e

formati on of a |high surflace area |t hrough tfie formatifpn of m cPberacks. This
i ncrease in surfface a arga 1nprovgg, the surtfpce catalygi's and

di scharge rate |characteristics. AlBo included in the
scope of tqge prlesent inygntion i 9 the useapd vari ous| ki nds ofgss

Example 3
Bulk MgNi negative electrode materials were prepared by combining melt spinniﬁg and
mechanical alloying. The material from the mhl_t spin as described in example 2, was put in the
20 attritor and ground for two hours. The resulting materials were pressed onto a nickel wire
screen and compacted to form disordered negative electtodesl These disordered negative
electrodes were |
assembled into trlelectrodé cells. These cell were tested based on an initial charge of 50. mAfg

for 25 hours. The results are shown in Table 5, below.
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activation and etching treatnments to i nprove el ectrochem cal perfornmance.
U.S. Patent No. 4,716,088 discloses that the performance of

VTi ZrNi based wooghésfl | oys (which have a tendency tp-rRR6GRFR) Can

be significantly inproved by treating the el ectrode surface with an
al kal i ne solution. In contrast, the subjectagWyNi based al | oys have a
tendency to passivate and " 5 an | nproper al kaline surface treatment

could actually Tor dense nonpor oys
oxi de that woulpd +%&%m%’é’§$‘?’§5f'ga ;625?"%%%&;1 cal _charge discharge and
catal ysi s. . E%Iht 124 Capddi tgample@act]i ngs
of prior art is ﬂ?lcggrée a@@)f ora% | gﬁ"@n m f’)j h{]ﬁ"wg} pspﬁ% My Ni

based alloys, if Is posg ble to|activatesddNi based systens sgsi ng an
optim zed al kal { ne etch treatne Preferablv an adid etch treatnent ig
enpl oyed. 10 24 Such an aci dsgg ch i nvolljves cont a888i ng t he
el ectrode materlal (either the dlectirode itself or—the

powder priag to|fabricajdang the |el ectrodede wi th an faci dic sofé8ti on such as
hydr ochl ori ¢ acjpd-for—sufficient] ti ' ‘
m croporosity o] the oxidde surff@@e. In sone situat?®ns, the use
of an add tr eat kert—er—ary—other-type—of—sottutt+on—that—s capabl e
of affecting the surface oxide of the el ectrode powder and/or final

el ectrode will resul thd microdtRucture of tHasd MABRAL VAR ahaly230. 08Iy XRD.t The muttaband cel | .

Typical etch conditions are exposing the el ectrode material to
t he hydrochl ori enasdrials hids mrdstuctute chiarabigfized by Lvolurid frastionof suhstatialhpayierystaliine
present invention Is the use of thermal annealing at approprlate

tines and @ rrperi'&luelpl@sﬂstsbowpt\ Figlred. tlm@nm%dhwl@n“nlmecha"m' a‘%j‘r{ﬁ'ﬁ‘%ﬂ? 69%
the present | nvent ion b ustl ng .their ure (
it were R doBe et iy F Bty aLy sy Kepiop GtmestiraastHy SR RS
solidification, rapid 20
solidificati on/ rre gﬁ%@t&ﬂ ﬂ%ﬁdﬁ%% or any other nethod) that the
m crostructure vigampwstantially anor phous, it would be desirable
to thermally anneal the alloy to nucleate crystallite growth.
As an additional comparison, a cell was prepared using an Ovonic negative electrode

156 having the formula V,;Ti,sZr,;Ni,,CrsCo,Mn,. This cell was charged at 50 mA/g for 25 hours.

The results are shown in Table 6.

Table 6 Capacity as a Function of Discharge Rate
discharge rate (mA/g) capacity (mAh/g) Sample 1
| 50 ; 262
20 24 a2
12 402
3 421

As can be seen by comparing the data from Examples 2-4, the disordered MgNi
N 25 material of the present invention prepared using meit spinning/mechanical alloying had
astounding initial maximum capacities of between 700-800 mAh/g. in contrast, with the material

which was only mechanical alloyed, the material with was only melt spun, and the



Such thermal annealing may be perforned on the alloy powder itself

I mredi ately after fabrication (via rapid solidification,
mechani cal alloying, rapid soldification/ mechanical alloying, or
any ot her nmethod) as well as on fabricated negative el ectrode material. 25
In their nost wemessbs form a disordered MgN based el ect r oclpettivesdingriz '
hydr ogen storage materi al of the present I|nvention conprise

mat eri al s having the conposition of generalgformla (1)

(1) (Base Alloy). M ' WO
96/ 36084 V,5Ti,sZ1,sNixCr:Co,Mn, material had much lower maximum capacities.

PCT/ US96/ 08712 ", .24
where, Base Alloy i $ustha samrggsopshovs thah potoply fops the mett sgunimechanical aollsy)e&tmale:nzlzt 0

e gr oup. consi "8 Hghes PRHY Wi thPeonnr o/ Sndhe ity R, B RMn GRSER, bip T
sn, Th, Si, Zn, th% i-rglt %Mlﬂﬂ@hanﬁgg alidfed fnierialls moPecoRdica e prolilice baEklsd iR cantbe

is greater than atom c percent and |l ess than 30 atom c percent; and a +

b =-100 at @i C manufacturedE MBEN shoitdh Péridd BRtinth dslshbwrbabeesd Ieib belibved dit edditinhal
hydrogen storage material exhibits a m crostructure including a

vol ume fract i oncoshedutidnmah be ettdined bertaeseraliolis preparediuring rattceinning/mechanical atioying
The affects of the addition of Co can be seen in such djsordered negative
el ectrode do not peadde be;hysirided {for pastisle sizp Eeduclian B dastribrd i9iU-3-Satent Mp. ( 2) 10
(2) . ] Base, Al.loy)[err] Co[err]
where b is 0.5 9'89387.55)%{ldé?ﬁsemﬁé?@‘@fﬂ?qswd\'ﬁéﬂ'ﬁrﬁlsvélﬂ% to 5.5 atomic percent.
The presence of Co results in reduced oxide thickness; a.
conductive and/or catal ytic conponent on the surface; and t he
reduction @f speginpfe s i ke the hydroxyl ion. Wiile Co does oxidize and is
soluble, it is also '

While gas phase storage of hydrogen does not guarantee that a particular material is

capable of storing hydrogen in an electrochemical celf, gas phase storage can be a useful
technique for evaluating the limits of hydrogen storage for known electrochemical materials.
Usually, the measured storage

18 capacity of gaseous hydrogen can be used as an indicator of the upper limit of the
electrochemical energy density in a wet cell.

The hydrogen storage materials described above were prepar_ed in bulk by melt
spinning, MA, and melt spinning/MA. Equal measured amounts of the resuiting powders were
piaced in a stainless steel tubing, heated to 3od°c and then cooled to room temperature in an

20 H, atmosphere. The amount of hydrogen stora"ge was calculated from the dlfference in the

vessel pressure. The results of these measurements are shown in Table 7, below.

Table 7

Preparation Method Weight Percent of H; Absorbed
25 melt spinning 1.2
mechanicat alloying 2.7
melt spinning/mechanical alloying 2.7




15 bel i eved that cobalt oxide can act to inhibit the oxidation of other
el ements. Further, It Is believed that in the alloys of the
present invention, Co alters the mcrostructure in such a way as

to introduce changes in the nutual solubility of the elements of these

al | oys, \Ahereivgomhggen in a particular phase is pgiRausig
di scharged either through |ow surface area, or an oxide of

limted porosity or catalytic property. The_addition of Co to ‘di sordered
MgNi based al l-oys 20 appreci ably inpr o9&s el ect rocheni cal hydr ogen
storage capacit e, 6 : The role of M1 is observed in such

di sordered negative el ectrode materials that have t he conposition
of formula (3): In order o in{esStigate the microstructure of the melt spun and melt spun/mec{iabically
Alloy)[err]Co[err]Mferr] 25 where b is 0.1 to 8.5, preferably
2.5 to 5.5 at onialoypdmetsrials, samples of these matgrials ware preraredAng examined ysipg & scanning
atomic percent; b + ¢ > 0.5 atomc_percent and.a + b, + ¢ = 100 om c

per cent . electron microscopq. The fesully ¢ Hiege examyngliqns pg spopyn in ﬁgreiﬁ'g{)'t i on of M

yi el-ds enhapced rate_ca WLt /
PCT/ US96/ 08%12 F:gug shows X\atelliaﬂﬂat has only been melt sptW.) ‘I%Q n%@q%hlblts a number25

tenperature per fraRAS Raving B FridreiriAEE SRbrALIREQIT Toatiraléss @MopAdUS tégiors, finé | S
bel i eved t hat when Mh is present, M assists the el ectrochem cal

di schar ge react icyyatait} as wel & esivns of phase degregated polycrystalitemtbatiaregpvenl 0R mikrérsirsi on
of hydrogen at |ow tenperature and al so by catal yzing the reaction of
hydrogen and hydizexyl ions at the alloy surface. A preferred enbodi nent of

t hi terial i 5 , Ni Co Mh[ ¢ : . . o
Clhor of feots of 1 ho IWERUIRGETe e PIREioR T IR Rinsofmesenicehpiod oty

such Ovoni QID as shown in Figure 7, a microstructure including a substantial volume fraction characterized by
intermediate range order with the fine powder distributior of 1-20 microns in size.

Figure 8 is a TEM Bright Field micrograph in which the preferred disordered MgNi
materials prepared by melt spinning/mechanical alloying are shown at 1,017,430 X. This
micrograph shows the presence of nanocrystaliites, generally 'from about 20-50 A in size,

15 amorphous regions about 0-20 A in size and microcrystaliine crystaliites about 50-100 A in size.
Polycrystalline regions are substantially absent. The presence of such immediate range order
represents an important aspect of the present invention. it is believed that this intermediate
range order is responsible for the extremely high capacity and rate capability of the disordered
MgNi based materials of the present invention.

20 Figure 9 is a TEM Dark Field microgréph in which the preferred di.sordered MgNi
materials prepared by meit spinning/mechanical alloying are shown at 1,071,430 X. This
micrograph clearly presents the overall range of a substantial portion of the crystallites as about
20-50 A,

| _Figure 10 is a TEM Bright Field micrograph in which the preferred. disordered MQNi

25 materials prepared by melt spinning/mechanical alloying are shown at 4,200,000 X. This
micrograph shows the lattice interference fringes of 20-50 A crystaliites of MgNiCoMn on the
surface of the bulk material. As discussed in U.S. Patent Application No. (obc 58.5) Ni regions

on the surface of the alloy play a significant role in increasing catalysis. As discussed above, in



negative electrode materials containing Al and V, having the conposition

(4) (Base -

Alloy)[err]Co[err]MJ[err]A [err]V[err]Li[err] 10 where b = 0.
to 10.0, preferably 2.0 to 8.5 atomc percent; ¢ = 0.1 to 10.0, preferably
2.51t0 8.5 woogssogqdt OM C percent; d = 0.1 to 10.0, prefermianysogis7iz o 8.5
atomc percent; e = 0.1 to 10, preferably 2.5to 8.5 atom c
percent; f = 0.01 to 10, preferably 2.5 to,8. 5 atomc percent; b + C+ d +
e + f > 0.5, preferably 2.5, atorfic percent; and a + b + ¢ + d +
e + f = 100 at og} presist matBfials, MGRICoMn regions in the bulk lpBridri @hi@dnfrfirittich. of for mul a
(4), the corrosion/passivation properties or the disordered MyNi
systemare shifted to a nmore corrosive region of the continuum while
excellent stablitty and catalysis is retained.

The di sordered Egpletfased al |l oy material s described by fornul ae (1) to (4)
above, are art of the present ntio th

mi crostructure incl JSAMIEOLMERTHEMERT VEIP °9/’5'f’% "s'"EGQm"qe%/ng dﬁgm @ eloys

charact er | Z.‘)ed bi{stedrﬁg ﬂb@% anh §. TRdAd Gud EQ% preﬁ‘ﬁrk@b p'ﬂﬂer&hhlﬁ ﬁﬁ'ﬂs('(r- Qnfidromyt ur e

requires I C pl’OCESSI sucn as t e nmelt spinning or

mechani cal all Ouédaﬂte%ntéeﬁ@famlrﬂﬂélls%traé The face (2 cm? ih @Ra) Wiichafcludedthe alvg d
above. In contrast to these materials, the materials having a conposition

correspondi ng t ﬂnmusrmﬂmec(tﬁ)heammmé sﬁwoms'ﬂ&ropbqsité fape waschroterted fropr qoptgetwith
m crostructure. (5)

(I\/g[err]M[err]me[mqlﬂb?va??m[@ﬁwy[eéw]M'[err]M‘[err]M'[err]
where x is 0.01 to 6.0 atonic

5.5 atonic percent, 'Eh"ﬁ corrosion potentials ¢ (E@) I'Yd[ W"&W“lcﬂfr%?sgqg%?fqﬁeig E'L%Rh% ‘é’%t E)(r)n c
gg/r gg(r)]tg4 aﬂjJ s 0 'm]éastu?ed%sﬂa gﬁ&&@ %rAﬁErModellaséAscoMJn fhéhsdrement instrument. The V\D_
PCT/ US96/ 08712 measurements were conducted in 30% KOH solution. The corrosion potential of each electrode
was determined by measuring the open circuit potential against a Hg/HgO reference electrode.
The corrosion currents were measured using the polarization resistance (linear polarization)
technique. This technique was performed by applying a contr.nlled-potential scan of 0.1 mV/sec
15 over a £20 mV range with respect to E,,,. The.resulting current was plotted linearly versus the

potential. The slope of this potential current function at E,,, is the Polarization Resistance (Ry).

R, was used together with the Tafel Constant B .(a_ssumed as b.1 Videcade) to determine i,

using the formula R, = BAB,I (2.3 (i) (Ba * B.))). The corrosion currents were calculated

for these samples and are shown in Table 8.'



26 atomc percent; c is 0.01 to 3 atomc percent; dis 0.01 to 8

atom c percent; M is chosen from the group consisting of Ca, Be,
and Y; M is chosen fromthe group consisting of V, Ti, Zr, Cr,

Al, Fe; and Sn; M" is chosen from.the group consisting of B, Bi, In, and .
Sh; and M err kydssdsh@sen fromthe group consisting pér/Gewendhz Si,
Zn, Li, La, Ce, Pr, Nd, Mm and F. 5 Ovonic MJN negati ve

el ectrodes can be used in many types of hydgpgen storage cells and
batteries. These include flat cells having a substantially flat plate

di sordered negative etectrode o Separator, and—a pgsi tive

el ectrode or counter el +d’1’*ﬁb‘élé tha?°$'§°§'ﬁﬂﬁdéﬁﬁ“§§| y flat and

al i gned to be in operatie—contact—n-tir—t{eTegattTvegectrode; jelly-roll
cal l's made by spirally |Aloy winding alflat del®A8Bdut an laxis; and
prisnatic cells for use p-f—eteet+e—vehtcres—ftor—exanptre—40 The
metal hydride cells of tjiMgDiSoMn i nventon can ud@ any apprlopriate
contai.ner, and can be eORStH-teipt—or—exanpte—of-inet al or

pl asti c. MghNRD wei ght per ¢ent aquedfs sol utidn of potassium
hydr oxi de i s a preferred—eleciiolyie- Hr—e—articul arly
preferred embodi nent, alllmgdigised I n conjyncti on wi286h advancgd

separator materials as disclosed in-1J —b- . and/ or
advanced positive 15 MeINEct rode materijal s as diedclosed in U. S. Patent
Nos. 5,344,728 and 5, 348 I i d pe+i-ar-Aance over

prior art alloys for cerjthjdNiegtosmapen qal appli0asions.
Besi des the inproved perlformance charactedistics di scussed -above,

nodi fication offers cost advantages of al nost an order of
magni t ude conpared to conventional netal hydride alloys. This is,
of course, in addition to the cost reduction in resulting fromthe use of

MyNi as  2Qp t he BRs BordbibdotsrBaP fF Besd samples e Shswnyin Tiebsecs. i bed non- My

based Ovonic alloys that are about ten times nore expensive than
MgNi materi al s. Exanpl es The Ovonic MgNi
based al |l oys described in the followng exanples all had the fornula 25
Mol err] N [ er ] Col er r] Ml iy s SNES e:qRHcMiermbeTEAAET epared 1 bulk usi ng
melt spinning rapid solidification :
Alloy E.. (V)
Mgy NiCoMn, 0.751
15 Mg ,,Nigs -0.781
Mgz,Nig 0.738
MggNis : 0.813
TiyoZr,NissCrsCoMn,e -0.750
20 : : )
This example demonstrates the effectiveness of chemical modification in the MgNi
based alloys of the present invention in reducing corrosion potential as well as corrosion current
. compared to binary MgNi.
25

Exampie 8

The effect of microstructure on thie degree of passivation for a representative alloy was



and/ or mechani cal alloying (MA) as discussed in detail below The MgN base

alloy materials were formed into negative el ectrode belt
according to the nethod described in U S. Patent No. 4,915, 898.
The bel't was. assenbled into trlelectrode cells for testing and eval uati on.
WO 96/ 36084 wg 9636084 ' PCT/US96/08712
PCT/ US96/ 08712 - 27
Exanple 1 MyNi based al | oy Qplk materials were fornmul ated
usi ng the nmechani cal alloytng process in an attritor. Sanples were

removed from t hewdéd. 'BulkilioyerhatéraPheving B cbriibisikicr MELNILCIMM ws BreparBusing
sanpl es were anal yzed using SEM and XRD to determ ne their mcrostructure

and assenbl ed echanical eNoging, mielspioringy dred gaeIaiomizahpndé’hemmhamcdlhdbvedanmell hag .
The results of this analysis are shown in %ures 1-3 and the

resul ts from t he miqrestiuqiyse ipeidingn substantiakyolums fastigh F'?Eﬂ?‘e #pd by, iptesmegiiate range

Igbl es order. In contrast, both the melt spun and gas atom%?%ma a(?were subs(a &aﬂ 1 4gA h'g .
42 - : 93
632 5 poakilive. 164 588
15 Thi s exanmpieDeghee Wb PdsBidtion bf tﬁ&édrﬁﬂéﬂhéb’chmlimmel 10%8vak Svalliated iroMdhe
after which the performance of the materials begins to degrade.
The preferred | perarmanie efttae polenigation cwher aronnd thesoirasioh potentiaf at b ipwe ofv2D enM asl S
can be seen in t he superinposed XRD spectra of Figure 1.

described earlier. Due to passivation of the alloys, the polarization curves deviate from a linear
behavior as the electrodes are polarized to more anodic potentials. The larger the

10 corrosion/passivation current, the larger the deviation from linearity. The degree of passivation
of the alloys was walﬁated by dividing the actual oxidation (anodic) current by the linear

current. This parameter Is presented in Table 10 for the different bulk materials.

TABLE 10
15 Degree of Passivation

Alloy Degree of Passivation

Mgs.Ni,,CoMn, — MA 0.28
(intermediate range order)

. Mg Ni,,Co,Mn, -- melt . 0.44
20 spinning
{polycrystalline)

Mgs,Ni;;CoMn, 0.44
gas atomization )
(polycrystalline)

This example demonstrates that not only composition, but structure as well, also’

improved passivation resistance.

30 Example 9

Based on lengthy experience working with disordered materials as well as the specific



20 The m crographs fromthe SEM anal ysis are shown in Figures
2 and 3. Figure 2 shows substantial |l y honbgeneously distributed
crystallites of the material nearly at its optinum capacity in a
sanpl e of material taken after 90 hopurs of nechanical alloying. Figure 3
shows the eff 164 hours of mechanical alloying. e
particle str ug?h)?gmg?‘ the all oy has been destroyed: PEt;}ﬁ{as 12
substantially honbgeneously distributed crystallites have agglonerated or
"clunped"” 25 t oget her. 35 The preferred alloys of the
present 1nvent| %r\f‘&&ﬁ‘oséd Réreift It veRBistabproGte ¢ Udbitidrial Wetiads of fabricating Oyonic

m crostructure including a substantial volunme fraction characteri ze(y by

I nter medi at e r anyNi bisé€ alloys having the preferred mitf&2trGctP& &l hence demonstrating the unexpected
PCT/ US96/ 08712 28
Exanpl e 2 storage capacity #8d lothedgidirochewioal perfammianse gheractedstios aretppssibie. Ieeri al s
were rapidly soldified by nelt spinning. Raw materials in the
powder. f or m wer Pufpgte of thisexamplg jsdp dicisejafeethord of prapaation, empieying &gpid gplidiication a

uhGel (Lur nf g dtieWec o gsing o ool Bop B ESe M o 5 2o A
water. The resul &Jﬁ@gtreﬁ WEeq By S Haﬂ:?ﬁé aé"@pﬁ@lfg? electrical perfGimaficel Sfle Bermal ©

bottom of the cha and pressed onto a ni W re screen, conpacted, and

sintered to for ranféaiy M& wCcberi6rEhed biy the @lich powdesd Aself inThaitelyCift Oapld EcldincAgRds Ve
el ectrodes were assenbled into trielectrode cells. These cells
were cycl ed. Thevell@s oh fabricated npgalieecelecyode matéfiab| e 4, below. 10
Table 4 Capacity as a Function of Dischar di scharge rate

(T G) " capaci Ly (ARAmFT e Hiore is oovios a dome ke ettty oo imarion
6 10 identifies and encompazsz.es a range of alloy compositions which, when incc?réoratad asa
- disordered negative electrode in metal hydride cells resuits in.batteries having improved
performance characteristics.
The drawingé. dis_cussion, descriptions, and examples of this specification are merely
ilustrative of particular embodiments of the invention and are ﬁot meant as limitations upon its
15 practice. It is the following claims, including all equivalents, that define the scope of the

invention.

What is claimed is:



3 294 170 15

1.5 323 254

Exanpl e 3 Bul k MJNi negative el ectrode materials were
prepared by conbining nelt spinning and mechani cal alloying. The
mat eri al fronw%%%t spin as described in exanple 2, was prngsnsies 20
attritor and groun or two hours. The resulting materials were pressed
onto a nickel wre screen and co cted to form di sordered
negative el ectrodes. These di sordered negatTve el ectrodes were
assenbled into trielectrode cells. These galphgwere tested based on an
initial charge of 50 mA/ g for 25 hours. The results are shown in
Tabl e 5, bel ow WD 96/ 36084

PCT/ US96/ 08712 1. A disordered multicomponent MgNi based electrochemical hydrogen storage matgial
Tabl e 5 Capaci ty, Soniprsiry: Function of Discharge Rate di scharge rate
(MASQ) capaC|ty (mﬁ\h/ g) Sanple 1 %BacAt%M mAh/ g) Sanple 2

50 492 (Base Al 585

24 . - where, 598 693 5

12

3 Base Alon%sG%lgalloy of Mg and Ni in a ratio of from about 1 2 to7a(§8ut 2:1;

The nmicrostructure Jf raprREeEs fhdqastqng modifier elemyent cosep frof frﬁé’"’kﬁﬂ’“sw REP ML un
materials had aapFecasme,W,iaH e i, ZarsacTie Sl, Ze,dl,l0d, ba,Pbl kaxSe,fRraNd, Mom PdfPt, and

substantlaJ[oly p8+ycrystal ine 10 . inclusions as shown in Figure 4. In

contrast he nel't spun/nmechani cal alloyed materials had
b is greater than 0.5 atomic percent and less than 30 atomic percent; and

a + b = 100 atomic percent; and
wherein said disordered MgNi based electrochemical hydrogen storage material exhibits a
microstructure including a substantial volume fraction characterized by intermediate range order,
15
2 The MgNi based electrochemical hydrogen storage mateﬁl of claim 1, wherein said
substantial volume fraction also includes polycrystalline inclusions.

3. The MgNi based electrochemical hydrogen storage material of claim 1, where the
20 microstructure of said material provides additional numbers of active sites.

4, The MgNi based electrochemical hydrogen storage material of claim 1, wherein said
material comprises powder partiicles less than 20 microns in size. )

25 5. The MgNi based electrochemical hydrogen storage material of claim 4, wherein said
powder particles average around 5§ microns in size. '

6. The MgNi based electrochemical hydroge-n storage m.aterial of claim 1, wherein said
matetial comprises crystallites that are primarily from 0-70 A_ in size. '

30
7. The MgNi based electrochemical hydrogen storage material of claim 1, wherein said
material comprises crystallites that are primarily from 20-50 A in size.

8. The MgNi based electrochemical hydrogen storage material of claim 1, wherein said at
35 least one modifier is Co and b = 0.5 to 8.0 atomic percent.

9. _The MgNi based electrochemical hydrogen storage material of claim 1, wherein said at

R ———

) O O



the desired mcrostructure including a substantial volunme fraction

characterized by internediate range order as shown in Figure 5.
Exanpl e 4 As an additional conparison, a cell was prepared
usi ng an Ovoni c negative el ectrode . 15 havi ng the fornul a .
Vierr]Ti[err] Sdstdolerr] Crerr]Co[err] Ma[err]. This cell yepushasned at
50 m¥ g for 25 hours. The results are shown in Table 6.

Table 6 Capacity as a Function of D scharge te :

di scharge rate (nmA/ g) capacity (maAh/ g? Sample 1

>0 least one modifier is Co and #n. 20 24
342 12 : 402
3 421 As can be seen by

conparing the dao.a fTrerMdhhased electdekimitahhyduboencstetageaunterigif claigl, wherelngeidr | al

of the present [Jay6fhd S MiSaitqd. usi ng nelt spi nni ng/ mechani cal all oying
had astoundl ng initial nmaxi mum capacities of between 700-800

mih/g.. In cdntrast, with the materi al whi ch was only nechani cal
al l oyed, the nmatteri athemgNi busd elbctroghemidal hysipgen sterage rhaterial of claim 1, wherein said\\D

96/ 36084, . _— : id stch.
PCT/ US96/ 08712 material is etched following fabrication using an acia etc 30

Vlerr]Ti[err]Zr[err]Ni[err]Cr[err]Co[err]M[err] material had much | ower
maxi mum capaci t i4@S. The MgNi based electrocheniicit iydebgeostivagd ateriabsfelain 11 svhersiosaidn| y

ety THb RS b e B4 e Plogave ot U,
Vlerr]Ti[err]Zr[err]Ni[err]Cr[err]Co[err]M[err] materials, but
the melt spun/ naghaniThedbi vasdd@JeRrochBrhicd hytkogers stamgemateanaitanall, compisingduce
because it can be
(Base Alloy),Co,Mn_
15 wherein _
b = 0.1 to 8.5 atomic percent:
¢ = 0.1 to 8.5 atomic percent;
b + ¢ = 0.5 atomic percent; and
a + b + ¢ = 100 atomic percent.
20
14, The MgNi based electrochemical hydrogen storage material of claim 13, wherein
b= 2.5 to 5.5 atomic percent, and

¢ = 4.5 to B.5 atomic percent.

25 15. The MgNi based electrochemical hydrogen storage material of claim 1, wherein said
materials have the formtila

Mgs,Ni,CoMn,.

30 16. A disordered multicomponent MgNi based electrochémicl hydrogen storage material
compxrising:

(M91Jw'xNi1-y-zc°-yM nz)1-|-b—cM“lebM."e

35 where
x is 0.01 to 6.0 atomic percent;
y is 0.1 to 8.5, preferably 2.5 to 5.5 atomic percent;

0 O 0



5 manuf actured in a nuch shorter period of tinme as shown above. It is
bel i eved that additional cost reduction can be attai ned because
al | oys prepared using nelt spinning/ nmechani cal alloying do not
need to be hydrided (for particle size reduction as described in U.S.

Pat ent No. wo 9636084t 893, 756) and for sone appl i cations W lg~rRdbedsdRui re’

sintering. 10 Exanple 5 Wi | e gas phase storage of
hydrogen does not guarantee that a partlcul ar material is : capabl e
of storing hydrogen in an el ectrochem cal ®I1, gas phase storage can be a
usef ul tecmgloqqgﬁq{mf&yWy@{dmatg,ggpgr .ts of hydrogen storage for
ual 'y, the measured storage 15

known el ectrochem cal ria
capacity of gaseous W?%ééf?"&%??’%@t used as an indicator of the upper linit
of the el eBtxMdb 2 lomizlpesady gy density in a wet cell.

The hydrogen storag@,srﬁﬁ‘;ga{oﬁ“cgﬁ&gﬁy bed above were prepared in bulk by
melt spinni ng/ MA. Equal neasured ampunts

mel t spi nnj n ,
of the resulting powéﬂg 9,8 Atomic percent; pl aced in a stainless st eeI t ubi ng,
heat ed to 300[ er r ] Qvids dhastrefroncthe g@op tobsisting 0f Ce£ Bpadndiytir € i N an

H err] atnosphere. ﬁhﬁcﬁé’&h‘ﬂﬁm%g E&ﬂﬁﬁh %?Qf?@?r, ' gglaq‘ sIed fromthe
Thé 7 esu

difference in the ress I ‘1S 0
nmeasurenments are sh¥wif ‘ihﬁsei'é'ﬂ!“é"eﬂm‘!&é’f’wmg of B, Bi, In, and Sbiand| o 7

Preparati on Met hod M"is chosen from the Mpg&ﬁs:sﬁgrdteﬁltmp‘o‘l, zi[ €F; Ld, CAPBON,Mim, akb
melt spinggng g

mechani cal al | oyi ng 2.7 mel t
spi nni ng/ mechani cal al | oyi ng 2.7

17. The MgNi based electrochemical hydrogen storage matetial of claim 18, where
x is 0.1 to 6.0 atomic percent;
y is 2.5 to 5.5 atomic percent; and
15 2 is 4.5 to 8.5 atomic percent.

18. The MgNi based electrochemicat hydrogen storage material of claim 16, where said
material is etched following fabrication using an acid etch.

20 19, The MgNi based electrochemical hydrogen storage material of claim 16, where said
material is etched after said material has been formed into a negative electrode using an acid
etch. '

20. An electrochemical hydrogen_ storage cell comprising:

25 ' a disordered multicomponent negative-electrode comprising an alloy of Mg and Ni in a
ratio of from about 1:2 to about 2:1; and at least one modifier element chosen from the group
consisting of Co, Mn, Al, Fe, Cu, Mo, W, Cr, V, Ti, Zr, Sn, Th, Si, Zn, Li, Cd, Na, Pb, La, Ce,
Pr, Nd, Mm, Pd, Pt, and Ca where the total mass of said at léast one modifier is greater than
0.5 atomic percent and less than 30 atomic percent of said alloy; where said disordered MgNi

30 based electrochemical hydrogen storage material exhibits a nﬁcrostructure including a
substantial volume fraction characterized by intermediate range order;

a positive electrode; and

a separator.
21. The electrochemical hydrogen storage cell of claim 20, wherein said hydrogen storage

35 material further includes a volume fraction of said microstruc'ture characterized by polycrystatline

inclusions.
[

T



WO 96/ 36084

PCT/ US96/ 08712 31
Exanpl e 6 In order to investigate the m crostructure of
the nett spun and nelt spun/nechani.cally al l oyed materi al s,

sanpl es of t'hw JRiarials were prepared and exam ned using BchBIYRREAS

el ectron m croscope. The results of these exam nations are shown in Figures
6-10. 5 Figure 6 shows materiaablr that has only been nelt spun.
This material exhibits a nunber of**r egi ons having a mcrostructure
characterized by fe Hreﬁkt?u%ﬁenﬂmﬁﬁgﬂauﬁtlﬁ& &N 81 cidith 26, wherein the micfostitiul gt @S
wel | as regions of phase segregat’ed polycrystallites that are over 100
mcrons in said disofdefed-MgNI material provides additionimumbert biettive sitéée sane nat eri al
following only two hours of nechanical alloying exhibits, 10 as shown
in Figure 7, a mcrostructure including a substantial volune fraction
characterized b I nternmedi ate range order with the fine Igowder

di stribution o1 23 2GTeeleptgtegemical Bydsagen storage cell of clsim 20 wherein; Sgiddsorgerec MaNirEM
Bright Field m han wiich th f | ' -
mralt gri al !seﬁ?r e;nasar@ggéggﬁ'ieﬁ'c\é\my 'ﬁ?eﬂgs%’ﬁgg% E%ag{'%gﬁqmgh%%é&%'e%}t e Ls\lh'gtv\%e gf s than

1,017,430 X. Thi$microns insize. ™M Crograph shows the presence of

nanocrystalites, generally fromabout 20-50 Ain size, 15 anor phous
regi ons about 0-20 A in size and mcrocrystalline crystallites about 50-100
Ain size Pol ycrystalline regions are substantially absent. The

presence of sucP4.i B electrochesnigat hysirehen storage cell of claim2g, wheeain spid:gisordeted Mabiht
aspect of the present invention. It is believed that this igerngf%%e

range order is Ptsedglaetroshesiqabhydogen storagenaterial gomprises poywiel pafticies grop

capabi Iity_‘d)f tr'}‘?cmotliis?nosriz%ered MgNi based materials of the present
I nvention. ~ 20 ) Figure 9 is a TEMDark Field mcrograph in
“which the preferred di sordered MgN materials prepared by nelt

spi nni ng/ nechani cal all oying are shown at 1,071,430 X. This
m crograph cl eagby prmsaéthrochemicalMydbgenstofsat gell of tlaim 20 Wotseraiméaidodisopiered iIMgt Of

the crystalites as about 20-50 A ] Figure 10 is
a TEM Bri ght Fi bbsed electrashereigshhydrogemstorage materjst eomprises grystaiitesinetareenmegiifrom
0-70 A in size.
15

26. The electrochemical hydrogen storage cell of claim 20, wherein said disordered MgNi-
based electrochemical hydrogen storage material comprises crystaliites that are primarily from
20-50 A in size.
27. A method for fabricating a disordered muilticomponent MgNi based electrochermical
20 hydrogen storage material comprising the stepé of: .
rapidly solidifying an alloy of Mg and Ni in a ratio of fiom about 1:2 to about 2:1
modified using at least one_modiﬁer element chosen from th_é group consisting of Co, Mn, Al,
Fe, Cu, Mo, W, Cr, V, Ti, Zr, 8n, Th, Si, Zn, Li, Cd, Na, Pb, La, Ce, Pr, Nd, Mm, Pd, Pt, and Ca
where the total mass of said at least one modifier element is greater than 0.5 atomic pefcent
25 and less than 30 atomic percent; and
mechanically alloying the rapidly solidified melt spun alloy;
wherein the rapidiy solidified/mechanically alloyed alloy exhibits a microstructure Inclu_ding' a

substantial volume fraction characterized by intermediate range order.

A



25 materials prepared by nelt spinning/nmechanical alloying are shown at
4,200,000 X. This m crograph shows the lattice Interference
fringes of 20-50 A crystaliltes of MgN Coinh on the surface of
the bulk material. As discussed-in U S. Patent Application No. (obc 58.5)

Ni regions - on the surface of the alloy play a siggl ole’
in i ncreasi'ng%%?‘ﬁ‘?}’gi s. As discussed above, in gl("[.(f\‘£é8@§7i!‘,%084
PCT/ US96/ 08712 : 32
the present materials, MgNi Covnh regions in #he bulk performthis sane
function. anple 7 . N IrOoSi nmeasur enen wer e
conduct ed using 28.|.ng eoﬂggod?‘)éﬁl?'f"czfz_t ‘é"lfmf"??ﬁﬂ '%Vﬁ'ég%{'lcﬁ?%ﬁﬂs m%rﬁa'.'s gﬁ?"?{egﬁ’ éniher
Tabl es 8 and 9. jLiGS & vélbrdNaR1ioNEF fhe RiGRRLESe taredPkfich® @Qrg&@hf&dw L.ipﬁgﬁ?mﬂe

m cron) deposited onto one face of a nickel substrate. ace (2
cnferr] in areajlnclobiosh | ncl uded the all oy filmwas exposed to the
el ectrolyte solution. The opposite face was protected fromcontact with

the electrolyte by a coating of epoxy resin. The corrosion
potentials éE[ err]) and corraosion _currents é%{ err“ of these el ectrodes
were 10 med8ur e dhe, QPR of glaim@T cwhsspir-sai giex of solickfyingsis gerorplished ysiog ¢

| nstrunent. The elt spinni nmeasurenments were conducted in 30% KOH sol uti on.
The corrosion pgf enP,l M9 of each el ectrode was determ ned by

measuring the open circuit potential against a Hg/ HgO reference el ectrode.
The corrosion currents were neasured using the polarization resistance
(l'i near pol ari z&bi on)fhe method of claint 2¥; furthey eemprising thetsteplohi que was performed by

applying a controlled-potential -scan of 0.1 nmV/sec 15 | over a [err]20
mV range with respecetching ¥ap eapidly soldified/eechpnicaliy;alioyadralioytusing 8n picbeteted | i near | y
versus the potential. The slope of this potential current

function 'atmE[err] is the Polarization Resistance (Rferr]). :

Rlerr] Ves Used JO0CUEL Lt dlfor Akl SROBAGH ooflf ]| (255ured a5 0.1

V/ decade) to determne |
thermally annealing the rapidly solidified/mechanically alloyed alloy.

32. The method of claim 27, further comprising the step of
15 etching the rapidly sofidified/mechanically alloyed alloy after said alloy has been formed

into a negative electrode. ~
33. The method claim 27, further comprising the step of
thermally annealing the rapidly solidified/mechanically alioyed -alloy after said alloy has

20 ‘been formed into a negative electrode.

34. The method of claim 27, wherein the rapidly solidified/mechanically alloyed alloy

comprises powder particles that are less than 20 microns in size.

25 35, The method of claim 27, wherein the rapidly solidified/mechanically alloyed alloy

comprises powder particles that average around 5-20 microns in size.

36. The method of claim 27, wherein the rapidly solidified/mechanically alloyed alloy

* [ L M S * ,




using the formula Rlerr] =J[err]/ (2.3 (i[err])([err] + [err] ))). The

corrosion currents were cal cul at ed for these sanples and are
shown in Table 8. - WD 96/ 36084

PCT/ US96/ 08712 _ 33
TABLE 8 | CURRENTS Al

i [err] (pA/cnﬁgﬁgﬁghsN My[err]Ni[err] Co eg??wﬁfgﬁr]
1.8 My[err] Ni[err] ' 19 5
My[err]Ni[err] “g

My[err] Ni[er . . L 6
T[err] ]Zr I[ Ear r ]r ]Ni Tog'tpﬁe&rcfygt?“rnf%‘ft@rmr T%T‘érf?? 070 A i size. O 0. 38 10

The corrosion potentials for these sanples are shown in Table 9.

TABLE 9 CORRCSI ON POTENTI ALS Al | oy

Elerr] (V) 37.  The method of claim 27, whistpjncthe fapkiiCedlidifiedfrashanically alloyed alloy

-0.751 15 My42Ni [err]

-0.781 comprises crystallites that are maéi}yﬁl]omi@ép,ﬁin size.

-0.736 _ My[err]Ni[err]

8%8 5 Tlerr]Zr[err]Ni[err]Cr[err]Co[err]Mn[err]

38. A method for fabricating a disordered multicomponent MgNi based electrochemical
hydrogen storage material compris;ng the steps of:
rapidly solidifying an alloy of Mg and Ni in a ratio of from about 1:2 to about 21
“modified using at least one modifier element chosen from the group consisting of Co, Mn, A,
10 Fe, Cu, Mo, W, Cr, V, Ti, Zr, Sn, Th, Si, Zn, Li, Cd, Na, Pb, La, Ce, Pr, Nd, Mm, Pd, Pt, and Ca
where the total mass of said at least one modifier elemerit is greater than 0.5 atomic percent
and less than 30 atomic percent;
wherein the rapidly solidified alloy exhibits a microstructure including a substantial volume
fraction characterized by intermediate range order. |
15
38. The method of claim 38, wherein said hydrogen storage material is fabricated to further
include a volume fraction of the microstructure thereof which is characterized by polycrystaliine

inclusions.

20 40. The method of claim 38, wherein said Step of rapidly solidifying is accomplished using

melt spinning.

41. The method of claim 38, further comprising the step of
etching the rapidly solidified alloy using an acid etch.
25
42. The method of claim 38, further comprising the step of

thermally annealing the rapidly solidified alloy.

* ¢ L M § %



20 Thi s exanpl e denonstrates the effectiveness of chem cal
nodi fication in the MJN based al |l oys of the present invention in
reduci ng corrosion potential as well as corrosion current

conpared to binary MgNi. - 25 Exanpl e 8 The

ef fect of ”1C5QﬁkBHﬁ ure on the degree of passivation for a Eﬂﬁ tive
alloy was - - 4 WO 96/ 36084 : PSS
: 34

PCT/ US96/ 08712 .
studied. Bulk alloy material having the coﬁ%osition

My[err] Ni[err] gl er whdvhéthdd dr ciiaeDfuRia oifprising the step of mechani cal

alloying, nelt spinning, and gas atom zation. The nechanically all oyed

mat eri al had etchiny the RIpidly lsblidifibd /&0y bitet baidlalldg has b intdtinta h nsgativene
fraction characterized by internediate range order. In contrast,
both the nelt %sarodand gas atomi zed material were substantially 5

pol ycrystal line.’ - The Degree of Passivation of the sanples
described in Table 10 was evaluated fromthe per f ormance of the

pol ari zatign cyrve arou l%$§?ﬁ9%£gﬁ*%ggﬁgéﬁnggggﬁ%; a range of [err]20 nV

as déscri bedmear of the alloys, the

pol ari zation curves ygNdiPhdheding e Fapidly ¥Rdified allo ._after said BRK) A¥d BYen ftmédRto a
el ectrodes are polarized to nore anodic potentials. The larger the 10

corr osi on/ passinegdtiveéledtrodd. ent, the | arger the deviation fromlinearity. The
degree of passivation of the alloys was eval uated by dividing the
actual oxidation (anodic) current by the |inear current. This

paramnmeter |s presented in Table 10 for the different bul k materi al s.
45, The method of ciaim 38, where the rapidly solidified alloy comprises powder particles

10 that are less than 38 microns in size.

46, The method of claim 38, where the rapidly solidified alloy comprises powder particles

that are around 5-20 microns in size.

15 47. The method of claim 38, where the rapidly solidified alloy comprises crystaliites that are
primarily from 0-70 A in size.

48. The method of claim 38, wherein the rapidly solidified alloy comprises cryﬁallltes that
are primarily from 20-50 A in size.

20
49, A method for fabricating a disordered muiticomponent MgNi based electrochemical
hydrogen storage material comprising the steps of: _ ' |

mechanically alloying an alioy of Mg and Ni in a ratio of from about 1:2 to about 2:1

modified using at ieast one modifier element chosen from the group consisting of Co, Mn, .Al,

25 Fe, Cu, Mo, W, Cr, V, Ti, Zr, Sn, Th, Si, Zn, Li, Cd, Né, Pb, La, Ce, Pr, Nd, Mm, Pd, Pt, and Ca
where the total mass of said at least one modifier element is greater than 0.5 atomic percent
and less than 30 atomic percent; |

where the mechanically alloyed alloy exhibits a microstructure including a substantial volume

) O R



TABLE 10 15 Degree of Passivaton

Al | oy Degree of Passivation
My[err]Ni[err]Co[err]Mi[err] -MA 0. 28

(I'nterpedi ate range order) _

My[err]Ni [err ]“quﬁ%wwh[ err] - melt _ 0. 44 28 rusons7iz
spi nni ng - (pol ycrystaline)
My[err]Ni[err]Co[err]MJerr] - 0. 44

gas atom zation : (pdﬁ&crystalline) 25

This exanple d st ¢ . . | sition, but structure as well,
al so ?ﬁ%pbor%oc\'/'%&%"gé&s]l 'gttg%rqig{rgéé}gg? f’gge. - 30 Exanple 9
Based on | engt hy experience working with disordered materials as well as
the specific WO 96/ 36084

PCT/ US96/ 08712 56.  The method of claim 49, wherein said hydrogen storage material is fabricated to furtheg5
MgNi- di scl osed herein, the inventors appreciate that additional nethods of
fabricating Ovointlede a volume fractiop Rf the) mistogtrugtwetheresf ahich i characterized by palygrystaline

m crostructure and.hence denonstrating the unexpected st orage
capacity ard ot REYS®Bectrocheni cal performance characteristics are
possi bl e. The purpose of this exanple is to disclose a nethod of
preparation enpl oying rapid soldification 5 fol |l oned by thermnal

anneal i ng at ansfppPr-fierheitod of bialn 48\ehetetsiutaptofl indchamical}p bilbing Isecoaiplished vsing
crystallites defined by earlier exanples as optimzing electrical
per for mance. Then athitormal

10 52, The method of claim 49, further comprising the step of

etching the mechanically alloyed alloy using an acid etch.

53. The method of claim 49, further comprising the step of
thermally annealing the mechanically alloyed alloy. .
15
54, The method of claim 49, further comprising the step of
etching the mechanically alloyed powder after said alloy has heen formed into a

negative electrode.
20 58. The method of .claim 49, further comprfsing the step of

thermally annealing the mechanically alioyed alloy using an acid etch after said alloy

has been formed into a negative electrode.

25 §6. The method of claim 49, where the mechanically alioyed alloy comprises powder

particles that are less than 38 microns in size.

§7. The method of claim 49, where the mechanically alloyed alloy comprises powder

N



anneal ing may be performed on the aI Foy—powder—tset-f— nmedi atel y .after

rapid solidification as f&et‘)ﬂrlkc ;tc?(g negative el ectrode
mat eri al . In V|ewo ﬁ ﬂi obvi ous to those

skilled in the art that the present- ﬂ identifies and
enconpasses a wosssegy 2@l | oy conposi t| n incorp o
‘di sordered negati veoel ectrode in netal hydride ceI | s resul ts%g%f"?ﬁ Fies

havi ng i nproved - per f omance characteri stics. The
drawi ngs, discussion, descriptions, and exa%l es of this specification are
merely pgnkleg%{a{@,gla%gnﬁmg%ghg%ar enbodi ments of the invention and
are not neant as limtations upon its 15 practlce It is the follow ng
claims, including all equivalents, that define the scope of the

i nvention. What is clainmed is: WO

96/ 36084 §8. The method of claim 49, whete the mechanically alloyed alloy comprises crystaliites that
PCT/ US96/ 08712 36
CLAI VB are primarily fom Q-2 insizgy | t i conponent MgNi based

el ectrocherg cal hydrogen storage materi al conprising: 5

(Base Alloy)[err]M wher e, Base Alloy is an all oy

of My and N ingg raFHeQnéﬂ'fod fof Qditn 28 Mterelthe’mb hadi&iy Aiioyed hiloy comprises crystaliites that M

represents at |east one nodifier el enent chosen fromthe group consisti ng

of Co, M, " are prishdrily frotn 2050 A MeizeW Cr, V,Ti, Zr, Sn, Th, Si, Zn, Li, Cd,
Na, Pb, La, Ce, Pr, Nd, Mmn Pd, Pt, ‘and 10 Ca; bls
greater than 0.5 atomc percent and | ess than 30 atomi c percent; and

a + b =100 atom c percent; and wherei n 'sai d di sordered MgNi based

" el ect rocheni cal %ydr’b@'\@ﬁ"%?’cﬁ"%@"grﬁi’t"ﬁ'f‘ pegeative,njckel metal bydride electrode mmatariglst r uct ur e
| ncl udi ng fo SUb%a%e'ﬂﬂd by(ﬂ\e s?% offs&fetcﬁng sal Pctroﬁé %Efena?go tl?lyaCIdréEcﬁr medi ate range

or der.

61. The method of claim 59, where the Ovonic electrode material is selected from the group

consisting: LaNis-type materials, TiNi-type materials, and MgNi-type materials.

* c L M s *



2. The MgNi based el ectrochem cal hydrogen storage material of claima1,

wherein said substantial volune fraction al so includes
pol ycrystal I i ne inclusions. 3. The MgNi based el ectrochemni ca
hydrogen storage material of claim1l, where the 20 m crostructure of

said materi al ' s addi ti onal nunbers of active sites. 4.
The MJNi basewsﬁectrochem cal hydrogep/sgorage mat eri al of P z’i‘ljsrgn 12

wherein said mat eri al conprises powder particles Iess t han 20

m crons in size. 25 5. The MgNi based el ectrochem cal hydrogen
storage material of claim4, wherein sai( powdey pargt i aver age
around 5 mcrons in size. -— 6. Th€ MyN§ basgpr=&lact foTheni cal
hydrogen storage material of claimg, whefein ¥aid E rial
conprises crystallites that are prigrari |\ frog O-70F A |8 0

7. "The MgNI based el ectrochemdC® hytgogermgstor 4 ; f claim1,
wherein said material conpfises frystal it lmarily
from 20-50 A ifirsTZ&, 8.§ THe Mylfi basg g h¢ni cal
hydrogen storape neferial of| cl ai m§l, whgreinfsaid { J eqdst one
nodifier is Coland B = 0.5 tjo 8./8 § om cgperclnt. The MgNi

based el ectroc1%ri cal hydrogen stofpage nigteri gl of hejegn sai d at
WD 96/36084 |O < B

PCT/ US96/ 08712| 5 £ T_Y , , 37

| east one nodi [ Rr £5 Co and} Mpp : &N Dyped

el ectrocheni ca| gy gen stof agedgpt eri § of i1y whereiyg sdi d ~
ratio of My anf~Ki s apout f:1. 5 1 *' i baged| '

el ectrocheni ca| Sydsoge® sfibf age ng eri al} of
material is etphed dpl ljgwi QY| f ahgi gationdusi -
The MgN based Ry & ogen gt orgge nageri of $l ajm 11, "L
wherein said 10 material is hed akt er S [
negati ve el ectrode using an acid et¥h.
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13. The MNi based el ectrochemni cal hydrogen storage material of claiml1,

conpri si ng: (Base
Alloy)[err]Co[err]MJ[err] 15 wherein b =0.1to 8.5
atom.c percent: c =0.1to 8.5 atom c percent;

b +c >0.5atomc percent; and a+b+c =100 atomc-
percent. 20 . 14. The MNI based el ectrochem cal 5‘%&. d?ns;horage
materi al of ovedsnelsd wherein p b=25to05 .
percent, and c =4.5 tg 88& atonic percent 15.
The MyNi based el ect r ochem-ggggiies U W NG RLTLL L ra ¢ Cl a| m 1,

wherei n said mat ery4 % A2 ¥

My[err]Ni[err]Co[err]MJ[err
MgNi "based el ectrocheni cal @

(Ng[err]l\/[err]Ni[err]Co[err '
0.01 to 6.0 atom c percent; v&,y

2.5 to 5.5 atonmic percent; ,“5‘ w’ :
PCT/ US96/ 08712 ,. o A8
zis 0.1 to 10, preferably ‘:,‘ 'vg‘;; £

»

r’% oy WA &.‘. th Vﬁ ti conponent
2 -3 45,;

;._a ':‘:;. ,i g ¥ conpri si ng:
.{m‘ ,%‘ ﬁ'?u X 1S

ﬁ ;%f' g-5, preferably
n‘,,‘:_.: ':’ .:7

NS ., ) T 38

ais

0.1 to 6 atom c percent; ‘.‘Iﬂ?' LR iuﬁ percent;
c is 0.01 to 3 atom c percel :2’3;.*’ , .. ;"{p 3 8 atomi c
percent ; "924‘..;;" re '?
38 & - !
; Vgs:"; A
™
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M is chosen fromthe group consisting of Ca, Be, and Y;

M is chosen fromthe group consisting of V, Ti, Zr, C, A, Fe, and Sn;
M is chosen fromthe group consisting of B, Bi, In, and Sb; and

M is chosen fromthe group consisting of Cu, Th, Si, Zn, Li, La, Ce, Pr,

Nd, Mm and Yo o660 17. The MgNi based el ect rl,%nﬁgg 812 o
hydr ogen storagé naterial of claiml16 re X 1501 to
6.0 atom c percent; § 2.5 to 5.5 atom c percent; and 15
zis 4.5to 85 atom c percent. 18. The MgNi based

el ectrochem cal hydrogen storage material of claim 16, where said

material is etched follow ng fabrication using an acid etch. 20 19.
The MgNi based el ectrochem cal hydrogen storage material of claim 16, where
sai d material is etched after said material has been forned into a
negative el ectrode using an acid et ch. 20. An

el ectrochem cal hydrogen storage cell conprising: 25 a

di sordered mul fico nt negative-el ectrode conprising an alloy of My and
Ni in a r at of fromabout 1:2 to about 2:1; and at |east one
nodi fi er el ement chod fromthe group consi sting of , M Al
Fe, Cu, Mo, W Cr, (E) i, Zr, Sn, Th, Si, Zn, U, Cd, Na, Pb, L E%

Pr, Nd, Mmn Pd, Pt, Ca where the total mass of said at |eagt e

nodifier is greater n 0.5 atom c percent and | ess
atom c percent of said alloy; where said disordered MgN 30
el ectrochem cal hydrogen storage material exhibits a mcrostr

i ncluding a substantial volume fraction characteriz by
i nt ernedi ate range order; a positive el ectrodg,; d
a separator. 21. The el ectrochem cal hydrogen stor3je c ggof
claim 20, wherein said hydrogen storage 35 mat er i r ipcludes a
vol une fraction of said mcrostructure characterized by pol ycista] i ne
i ncl usi ons. WD 96/ 36084 -
PCT/ US96/ 08712 39
22. The el ectrochem cal hydrogen storage cell of claim 20, erej n the
m crostructure of O
—® 5
w
w
L &
Led
' e
ol
o
O
N
v ] T ] 71 T l T T 1 7 ] r T o
: S 8 8 8 8 8 8 8 8 8 °
c O O ~ O v ¥ M N -

(LINM "4V) ALISNILNI AVY-X



said disordered MgJNi material provides additional nunbers of active sites.

23. The el ectrochem cal hydrogen storage cell of claim 20, wherein said
di sordered MJNi 5 based el ectrocheni cal hydrogen storage materi al
conpri ses powder particles that are | ess than 38 microns in size.

24. The ele i cal hydrogen storage cell of claim 20, I aid-
di sor der ed Ngﬁl%%m. based el ectrzc?eﬂr;1 cal hydrogen storgégﬁénog??al

conpri ses powder particles around 5-2 mcrons in size.

25. The el ectrochem cal hydrogen storage cell of claim 20, wherein said
di sordered MgN ' based el ectrochem cal hydrogen storage materi al
conprises crystallites that are primarily from 0-70 Ain size. 15
26. The el ectrochem cal hydrogen storage cell of claim 20, wherein said
di sordered MgN based el ectrochem cal hydrogen storage materi al
conprises crystallites that are primarily from 20-50 A in size.

27. A method for fabricating a disordered nulti component MgNi based

el ect rochemi cal hydrogen storage material conprising the steps of:
rapi dly solidifyi@ an alloy of Mg and Nl in a ratio of fromabout 12 to
about 2:1 : nodi fied using at | east one nodifi el enent dho®en
fromthe group co‘oﬁisting of Co, M1, A, Fe, &, Mo, W Qv

Ti, Zr, Sn, Th, Zn, Li, Cd, Na, Pb, La, Ce, Pr, Nd, = Pd, Pt}, and Ca
where the total of said at |east one nodifier elen@@t is gredter than
0.5 atom c percent 25 and less thah 30 atonmic percgnt; and [
mechani cal 'y alloying the ragbdl ygsolidffied melt spun & |oy;
wherein the rapidly solijd igimachan.i.cally al l oyed al l#Yy exhibitg a
m crostructure inciuding = 2 - e
X o < + @
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vol une fraction characterized by internedi ate range order.

subst anti al
WO 96/ 36084

PCT/ US96/ 08712

40
S

wherei n said hydrogen storage materi al

The net hod of claim 27,

fabricated to further

28.

i nclude a volune fraction of the

wherein ESPH$§P§620f
been

mel t spi nni ng.
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34. The met hod of claim 27, wherein the rapidly solidified/ nmechanically

al l oyed all oy conpri ses powder particles that are |l ess than 20

m crons in size. 25 35.- The nmethod of claim?27, wherein the
rapidly solidified/ mechanically all.oyed all oy conpri ses powder
particles that average around 5-20 mcrons in size. 36. The -
nmet hod of cl aigy erein the rapidly solidified/ nechanically all oyed

al | oy Woddsaoll® LS. B84 PCT/US96/08712

PCT/ US96/ 08712 41

conprises crystallites that are primarily from0-70 A in size.
37. The nmethod of claim27, wherein t q/r pidly solidified/ mechanically
|

al | oyed al |l oy conprises crystarlfities that are primarily from 20-50
Ain size. 5 38. A nmethod for fabricating a disordered

mul ti conponent MgNi based el ectrochem cal hydr ogen st or age

mat eri al conprising the steps of rapidly solidifying an

alloy of Mgpand N in a ratio of fromabout 1:2 to about 2:1
nodi fied using at | ggst-one.npdifier elenment chosen fromthe group

consi sting of Co, M1, A 10 TEM - Beight Figld Th, Si,
Zn, Li, Cd, Na, Pb, La, " Ce;¥ [leetsimmmioppmmns = ere the
total mass of said at legst . opg rigdi Ber eliehmny L 5 atonic

per cent an -t flan



wherein the rapidly solidified alloy exhibits a mcrostructure including a

substanti al vol une fraction characterized by internedi ate range
order. 15 39. The nethod of claim 38, wherein said hydrogen
storage material is fabricated to further i ncl ude a vol une

fraction of the mcrostructure thereof which is characterized by o
40. The net hod of claim

pol ycrystal li I ncl usi ons. 20

38, wherein sanﬁﬂs'gl?sf%" of rapidly solidigyiRg is acconpli shedrggﬁ“ﬁﬁfwu

mel t spi nni ng. 41. The td%ﬁ of claim 38, further conprising
the step of etching the rapidly solidified alloy using an
acid etch. 25 42. The met hod of claim 38, further conprising
the step of - - thermally annealing the rapidly solidified
al | oy. WD 96/ 36084

PCT/ U396/ 08712 42

43. The nethod of claim 38, further conprising the step of

etching the rapidly solidified alloy after said alloy has been forned into
a negative _electrode. 5 _44. _ The nethod of claim 38,
further conprising thEia i TEM - Dark Field t her nal ' t he
rapidly solidified al# 5 T e . g N

MS030695M




negati ve el ectrode. 45. The net hod of claim 38, where the

rapidly solidified alloy conprises powler particles 10 that are |ess
than 38 mi crons in size. 46. The met hod of claim 38, where the
rapidly soldified alloy conprises powder particles that are around
5-20 mcrons in size. 15 47. The net hod of claim 38, where the
rapi dly solidifj oy conprises crystalites that are rimarily
from 0-70A in ‘&#g@“ﬁ“ 48. ghegrethod of claim 381'%@5@%% he
rapidly solidified alloy conprises crystallites that are
primarily from20-50 Ain size. 20 49. A net hod for

.fabricating a disordered nmul fi conponent MJNi based el ectrochem cal
hydrogen storage material conprising the steps of:
mechanically alloying an alloy of Mgy and N in a rati'o of fromabout 1:2 to

about "2: 1 nodi fied using at | east one nodifier elenent chosen
fromthe group consisting of Co, M1, A, 25 Fe, Cu, Mo, W Cr, V, Ti
Zr, Sn, Th, 'Si, Zn, Li, Cd, Na, Pb, La, Ce, Pr, Nd, Mm Pd, Pt, and Ca
where the total nasges@besald ot L aogst—-one- nedrfrernfar e er than

0.5 atom c percent
wher e t he nechani cal
substantial vol une

s TEMaRrightField o i

uding a
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fracti on characterized by i nt er nedi at e range or der . 50. The
met hod of claim 49, wherein said hydrogen4§torage material is fabricated to
further include a volunme fraction of the mcrostructure thereof
which is chaFﬁ-ﬁé@rﬂ,gme BibuiPs Widronstimbikd.ne 5 i ncl usi ons. 51.
The met hod of claim 49, where said step of nechanically alloying is -
acconpl i shed using an attritor. 10 . b2, The net hod of
claim49, further conprising the step of etching the

- mechani cal | ys&il | oyreimathbd yf elaiinr4g, wiera thiecmezhartically alloyed alloy corbBises crystallitethabd
of claim49, further conprising the step of ‘thermal |y
anneal i ng therermmelaIM|fr9mlﬂ-'5’,0 Afnsizeed alloy. 15 54.  The nethod of
claima49, further conprising the step of etching the
nechanléally al | oyed pomder after said aIon has been for med |nto a
negative el ect rode. 55. The thod of claim49, furt

conpri si ng t B st gbe Enpthod of claim 48, where the chhgpqﬁg\r pl!?y%pnﬂlgép?mlsgshgystauues that

mechani cal |y aIIo ed all oy u an acid etch after said alloy
has been for A®&P" F'Bframr?g’gsz?tf iJ’(f.'fl ectrode. 25 56. The net hod of
claim49, where the nmechanically alloyed alloy conprises powder

60. (Amended) A method of activating Ovonic negative nickel metal hydride electrode
10 material characterized by the step of subjecting said electrode material to an acid etch to adjust

the microporosity of the oxide surface.

61. The method of claim 59, where the Ovonic electrode material is selected from the group

consisting: LaNis-type materials, TiNi-type materials, and MgNi-type materials.
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