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15 chemical energy of a conventional fuel is converted directly
and efficiently into low voltage electrical energy. Fuel
cells have many potential applications such as supplying power
for transportation vehicles, replacing steam turbines and
remote power supply applications.

20 Fuel cells, like conventional batteries, operate by
utilizing electrochemical reactions. Unlike a battery, in
which chemical energy is stored within the cell, fuel cells
generally are supplied with reactants from outside the cell.
Barring failure of the electrodes, as long as the fuel

25 (preferably hydrogen), and the oxidant (preferably either
oxygen or air that contains oxygen) are supplied and the
reaction products are removed, the cell continues to operate.

Fuel cells also offer a number of important advantages
over engine or generator systems. They include relatively

30 highly efficient, environmentally clean operation especially
when utilizing hydrogen as a fuel, high reliability, few
moving parts, and quiet operatiomn.

A schematic diagram of a fuel cell with the
reactant/product gases and the ion conduction flow directions

35 through the cell is shown in Figure 4. Referring to Figure 4,
the major components of a typical fuel cell 10 is an anode 14,
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electrons from the anode 14 to the cathode 16 constitutes an
electrical current that can be made to do useful work.
Typically, the reactants such as hydrogen and oxygen, are
respectively fed through the porous anode 14 and cathode 16
20 and brought into surface contact with the electrolyte 12. The
particular materials utilized for the anode 14 and cathode 16
are important since they must act as efficient catalysts for

the reactions to take place.
Despite their potential advantages, fuel cells have not
25 been widely utilized due in large part to their relatively
high cost. An important factor contributing to this high cost
is the catalytic inefficiencies of the prior art catalytic
materials and/or the high costs of many of these materials.
The catalytic inefficiencies of the materials increase the
30 operating costs of the fuel cell since such inefficiencies
result in a lower electrical energy output for a given amount
of fuel. The use of expensive catalytic materials, such as

noble metal catalysts, results in fuel cells which are too
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15 SUMMARY OF THE INVENTION
An objective of the present invention is an inexpensive,
highly catalytic material that may be used for facilitating
hydrogen consumption in a fuel cell anode. Another objective
of the present invention 1is a catalytic material having a
20 finely divided metal particulate with very small particle
size. Yet another objective of the present invention is a cost
effect method for making the instant catalytic materials. Yet
another objective of the present invention is a fuel cell
anode and a fuel cell incorporating the instant catalytic
25 materials.
These and other objectives are satisfied by a catalyst
lacking platinum and palladium, the catalyst comprising: a
metal particulate having a particle size less than about 100
Angstroms; and a support.
30 These and other objectives are also satisfied by a
catalyst, comprising: a nickel and/or nickel alloy particulate
having a particle size less than about 100 Angstroms, the

nickel alloy lacking platinum and palladium; and a support.
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These and other objectives are satisfied by a fuel cell,
comprising: an anode having a catalyst comprising: a nickel

and/or nickel alloy particulate having a particle size less

20 than about 100 Angstroms, the nickel alloy lacking platinum
and palladium, and a support. The fuel cell preferably
further comprises a cathode and an electrolyte. The

electrolyte may comprise an alkaline material.

25
BRIEF DESCRIPTION OF THE DRAWINGS
Figure 1 is an STEM photomicrograph showing the effects
of leaching a hydrogen storage alloy particle with an alkaline
solution;
30 Figure 2 1is an STEM photomicrograph of the instant

catalytic material, performed under Brightfield imaging,
showing the catalyticélly active nickel rich regions;

Figure 3 is an STEM photomicrograph, performed under
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showi ig cel & e’and pressure Versus'time for a Ni-M cell charged
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circuit in hberepen configuration for five hours. DETAILED DESCRI PTI ON OF

THE T NVENTI ON Figure 8 is a diagram showing cell voltage and pressure
versus time for the Ni-MH cell of Figure 7, with the cell kept
idle in the open configuration for five hours;

15 Figure 9 is a diagram showing cell voltage and pressure
versus time for a Ni-MH cell charged and discharge after
multicycling and then charged at C/10 rate for twenty hours;
and

Figure 10 is a diagram showing cell voltage and pressure

20 versus time for the Ni-MH cell of Figure 9, with the cell kept

in open circuit in the open configuration for five hours.

DETAILED DESCRIPTION OF THE INVENTION
25 Disclosed herein is a novel catalyst particularly useful
for facilitating the consumption of molecular hydrogen in a
fuel cell anode. The catalyst is designed to have a high
density of catalytically active sites to provide efficient,
low cost fuel cell operation. With a greater density of
30 catalytically active sites, the hydrogen oxidation reaction
occurs much more readily to allow for more efficient hydrogen
consumption at reduced costs.
Generally, the catalyst of the present invention
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aIIO%S In one preferred embodiment of the present invention, the
catalyst lacks both platinum and palladium. Hence, there are
no platinum particles or palladium particles. As well, none
of the metal particles comprise either platinum or palladium
as part of an alloy, composite or mixture.

20 In another embodiment of the present invention, the metal
particulate comprises nickel particles and/or nickel alloy
particles. The nickel alloy includes nickel and at least one
additional elemental metal. Preferably, the at least one
additional elemental metal may be any elemental metal except

25 for either platinum or palladium. (Hence, it is preferable
that the nickel alloy lacks both platinum and palladium).
More preferably, the at least one additional elemental metal
is selected from the group consisting of Al, Co, Sn, Mn, Ti
and Fe. Most preferably, the at least one additional elemental

30 metal is selected from the group consisting of Al, Co, Sn, Mn,
and Ti. Examples of nickel alloys which may be used include
nickel alloys comprising Ni and Co; nickel alloys comprising

Ni, Co and Al; nickel alloys comprising Ni, Co, Mn and Ti;
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material less easy to poison. This is a crucial factor in the
commercial wviability of fuel cell anodes. Generally,
poisoning is reduced as the number of active catalysis sites
increases. As just discussed, this occurs with increased
20 surface roughness and surface area. (It is noted that
surface area can also be increased in other ways besides
increasing surface roughness. For example, surface area may
be increased by making the metal catalytic particles smaller
and packing them closer together. This will also decrease the
25 chance of the poisoning).

The addition of modifier elements to the metallic nickel
can also inhibit poisoning in other ways. Poisoning can be
affected by the actual composition of the metallic
particulate. By identifying the poison and the mechanism for

30 poisoning, a suitable modifier may be added to the metal
particulate to combat the poisoning. For example, poisoning
may be due to the build-up of a passivating oxide on the

surface of the metal particulate, thereby impeding the H,
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the average size of the particles to remain small. As
discussed above, decreasing the particle size while packing
the particles closer together increases the total surface area
of the particulate, increasing catalytic activity and
20 decreasing the possibility of poisoning.

The catalytic metal particles of the present invention
are not limited to any particular shape. They may be
regularly shaped or irregularly shaped. Examples of particle
shapes include spherical, elongated, thread-like, and "sponge-

25 like". "Sponge-like", porous particles may be made by
initially including in the metal particulate a modifier
element, such as aluminum, whose sole purpose is to be leached
out so as to leave the catalyst particulate with a sponge-like
shape and a high surface area. The leaching step may be

30 carried out by subjecting the alloy to an agueous solution of
an alkali metal hydroxide such as potassium hydroxide, lithium
hydroxide, sodium hydroxide, or mixtures thereof. Preferably,

the leaching may be done in a highly concentrated KOH solution



t he average size of the particles to remain small. As discussed above,
decreasing the particle size while packing the particles closer together

i ncr easeswoh/o62@l surface area of the particul ate, i ncrPeadisngosses al ytic
activity and 20 decreasing the possibility of poisoning. The catal ytic

met al partlcles of the_present invention are not limted to any _particular
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T, = i, x A (1)

Equation (1) shows that the total catalytic activity of

a material (as measured by the total exchange current I,) is

20 a function of both the catalytic activity of the material
composition (as measured by the exchange current density i,)

as well as the surface area of the material A. Hence, the

total catalytic activity of a material may be increased by
either appropriately changing its composition to one which is

25 more catalytic or by increasing its effective surface area.
As discussed above, the effective surface area may be
increased by increasing the porosity and/or roughness of the
catalytic particles. It also may be increased by using a
larger number of smaller-sized particles, and by packing these

30 smaller-sized particles closer together. The effective
surface area may also be increased by increasing the porosity

and surface area of the support upon which active material is

dispersed. The support will be discussed in more detail



Specifically, the exchange current, the exchange current density and the
surface area are all related as follows: 151 =i x A (1) Equation (1)
shows t hawotomees2at al catal ytic activity of a material (agCrassuosses by t he
total exchange current 1) is 20 a function of both the catalytic activity
of the material conposition (as neasured by the exchange current density i)
as wel | as ldkowurface area of the material A Hence, the total catalytic
activity of a mepgLiddaHBY, bend N eased dmetilt Rer-rapRpepoiratRbypedasgtng
its conposition to one which is 25 re catalLytic or by increasi i
effective stifYaRelaR@ve & WS QS‘G\F&,Cl{ehéléfaf'ec%?%lgﬁﬁlﬁg’algég may
be increasggrbyciasrrasenagn kergreigesigardnd/cors ixnighniasls b pheferabayytic

partigles. ]t al be i b ' "

rml | Br S hee Bartat et ARt FAEEER PG ThEge Yy i 1B han, pberts
cl oser togefherangberehéectané msostacerafenahdy alsssbethasreasedtby>0

| ncreasi ng mﬁsﬁ)?&ﬂé'. ty rangd sy ge E{x%aggggﬁﬁge@%?f th HRO L LGB BGEI %

e
material is I Spersed. e $ug{po.rt' W Iscussed’in nore detail ~9
01/ 068246 POIYUSOLE085658 WhioWw. I ePERABIFP1YhdatlgFyt i Ehdet &PWHr t £EI es

Che et | o e B L o sy
es have an average .particle size which is prefer s
t han18bout $0Pe AR o, L St 5T P& f;ol EQISREMSabodt a‘?‘lglﬁﬁﬁgfrgﬁf,

and nost prgéetabhyatessayevakophriclangstedostwen atobit A, tbhebout
Phan about 40 RHGSCTORE: and RETEbrEr Granior iy Rale B aver ageohtr Pore
10 size whi shgissrbess timare apoefe3@bAygsheonsen | mksddi t LOn, te h@bout 40
Angstroms and most preferably between about 10 and about 30
15 Angstroms.

A key aspect of the instant invention is the disclosure
of a practical embodiment and method of producing "ultra fine
catalysts". Since the catalytic properties of a material are
primarily a surface property (rather than a bulk property),

20 large catalytic metal particles essentially waste the interior
metallic atoms. For expensive elements, such as platinum and

palladium (well known to have the required stability for fuel

cell anode wuse), this waste' of material provides an
unacceptable cost. Therefore, the smaller the metallic
25 particles, the better since the surface area for catalysis

rises proportionally. It is extremely difficult to produce
Angstrom size metallic particles. Hence, the disclosure of 10-

50 Angstrom size particles (which themselves may have
additional surface area due to surface roughness) in a finely

30 divided distribution within an inexpensive support is unique.
In certain embodiments of the present invention, the

metal particles of the present invention are situated in close

proximity to one another so that the particulate has a high

10



particul ate may have a particle size between about 10 to about 70
Angstrons, preferably between about 10 to about 50 Angstrons, nore

pr ef er ablwoOlwebssen about 10 to about 40 Angstrons and no®CcTArsef/essedl y
bet ween about 10 and about 30 15 Angstrons. A key aspect of the instant
invention is the di scl osure of a practical enbodi nent and t hod .
produci ng "dfnFEEY i ne (Heaeal y§hsre &Fngésché dHiH ﬁ?@ﬁ%p&ft?%gagytéc

rzrgt Ier i al aratectliiritfw I Iphed peurtfiaed aicOpekt Yafeabheavehageapbukkmpropehay) ,
arge cata

articles essentially e.t rior. [1ic
atons. For kpeh% 9%51%&@ tween, AP a??ﬂu#%ﬁﬁi %I%’b‘?ﬁtm T | i’ﬁown
to havelthendmélpf@ﬂemblylbéwém abmht &@Itoaaﬂodtetuis@@ Anpssromst e’ of
mat ergal provi a ac S I
metalTic 25 par ?lfcl g)gh%?he%%p%?ﬁéee%?%céft-gﬁsur a%%t%!rglga or 1géaltf{;;l yg?ge
rises proporeignal |9f |the s metglenwlay divef i vairiefo prodiibat ARBSt rBRFalze
metallic p%&#iﬁcﬁﬂaﬂ“@&%epr%&%ﬂm‘}l Bé%@eﬁf aB8at 5% mw@rarb%uzae opar biscl es

(which the ves have dditional surface area due to_surf acé;)%\; .
é O

r oughness) W?ﬂ@@l%lt@%eaaﬂ*y%d BPEE HIRETHP W QRGVSER iAo

Sult0|0|0rt ItS a!dl%ﬁ&le9f9 |15\y0ﬁéi@1hﬂ @ﬂbelde n@@tél?istt hao@tgpﬁeferauwt betwethe
nmetal particles o sent ntion, te proxi mt
to oh@ anotHFUko: Qil %‘é?té Gﬁjag #gﬁﬁ 16ab@1 E068246 Y
PCT/ US01/ 08565 Emsrimen(&bncbserheteons Afeo hl@hghedehstnynoﬁceanéhgti c
activity). The particul ate ymy.h q@oca%% pr 'Jy t hgt ?lelc

preferably et veen aout > and about ngstrons, nore preferably
bet ween aboembsdimenaporf 10hAngnsomt SatelotHer arbediidnt Shew t ke
i nvention the, &@”&Eg%atéﬁygﬁk kgt Besmetal gg 1RA ivard eshigs | hathikhe

net al arti cu?ate is prefera befween about 00 1%t o about, 99%
15 P catalytic reglons mgy comprise nickel aﬁa/or nickel 09¥0y

regions. The nickel or nickel alloy regions may be regions of
metallic nickel particles and/or nickel alloy particles having
an average size of about 10 to about 30 Angstroms in diameter.
In some of these regions, the proximity between the particles

20 may be between about 10 to about 50 Angstroms. In other
regions, the metallic nickel and/or nickel alloy particles are
even more closely packed, having a proximity on the order of
about 10 to about 20 Angstroms. Specifically, Figure 2 is an
STEM photomicrograph of the instant catalytic material,

25 performed under Brightfield imaging, showing the catalytically
active nickel rich regions. Figure 3 1s an STEM
photomicrograph, performed under Darkfield imaging, of the
same region of catalytic material from Figure 2. Figure 3
shows the metallic nickel particles.

30 Preferably, the metal particulate of the present
invention is "stable" over time. That is, preferably, the
size of the particles remains small and does not increase over

time. This helps to ensure that the total surface area of the
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wei ght of the catal yst, nore preferably between about . 001%to about 99%
by weight of the catalyst, nost preferably between 10 about .01%to about
99% by wewolu/oe24¢ he catal yst. Experinental observations PCortsei/eeses

resol ution scanning transm ssion electron m croscopy (STEN@ of specific
enbodi ments of the_ instant catalytic material show the esence of

catal ytic h%%¥%h§u%ﬁtec§ﬁﬁ%ﬁﬁ%:%F%BH%"(lTﬁeseQE?%aPaFytq??%%ﬁ%%soﬁﬁ§
conprise nigkge.and/ or nickel alloy regions. The nickel or nickel alloy
regions may be regions of netallic nickel particles and/or nickel alloy
particles having an average size of about 10 to about 30 Angstrons in

di dameter. | n sonmeeotathggsetredi ohe, prheeptoxhwenyibst eezhhehecpaptricess 20

may b betwgeg]iggégg}okgr aﬁb%qﬁ Oop%twéfé el No@hBLL1146908 ssu}pg%rt

netal ic nicke nlc es are even nore close
packed, hachgvanpn@naﬁﬂwykmvwnmﬁ@r loe éﬁtra&@mﬁbﬂﬁtha%BBPOQBlﬂﬁg§P§ons

ﬁgfg”;ca” r%g%sgflrsm %duer?];&?éEeBSI @PQli(glm FoRgr b farftli%ullﬁﬁztealntmfiﬁt @bylt: c
er Brightfie owi n e a ca
active nlck%ﬁeﬁrd%r?@%¥%ng HRfu FEPRors ﬁh g@ﬁ% éﬁ%{ é&ﬂ rneé
t;_nder Dgr kfFiﬁl ﬁih’erf&lgjdﬁagl; @zﬁ\rz]ih@nméﬁﬁemeg«mmfmaial 3ote|mgrrais@rda| fmhm
|gur i gure shaws t c _nickel particles. e I t he
met al partlﬁgpﬁ?EtOPS i%%%hﬁan%ﬁtloﬁ 5§t 41 e %§§(5¥i%§%%$ﬁéy is,
preferably, stfiéicsene dfo tpeopadel @mesadmm diraberandndods boe metedase

over t'”Ep%%?téfgﬁg g@%r%% 'éitJ%%nérﬁ%ﬁﬁ“ﬁ%nét%é@fgnaB?aeQEcEQ%ly%% WO

01/ 068246 ticul ate Tenal ns st , does not
decrease) ofer thereanpee cé@éﬁ?é@noflvﬁé presenebiliven®ForpkipWig the

conprises 213cs8¥BR9EL £8r pbherBial tBakhieCul af&£s &oneidthynt any support
15 Increasing the porosity of the support also provides for
a more intimate contact between the hydrogen gas reactant and
the catalytic material. In the case of a liquid electrolyte,
it also enhances the contact between the electrolyte and the
catalytic particles thereby improving or optimizing proton
20 transfer. Generally, the metal particulate may be affixed to
the surface of a support and/or partially embedded in the
support and/or totally imbedded in the support.

The instant invention also facilitates introduction of an

electrolyte impermeable membrane in combination with a current
25 collection substrate such as wire mesh or expanded metal.

In one embodiment of the present invention, the support
comprises one or more inorganic oxides. The inorganic oxides
may be metal oxides. The oxides may comprise at least one
element selected from the group consisting of nickel, cobalt,

30 manganese, titanium, zirconium, iron and the rare earth
elements. The oxides may comprise one or more individual
oxides of the elements nickel, cobalt, manganese, titanium,

zirconium, iron and the rare earth elements. Alternately, the
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conventionally known in the art, capable of supporting and providing
adequat e dispersion for the particulate, my be used. Preferably, the
support swouwlded2es i nexpensi ve and stable in the |ocal enecrarsneosses n which
it is being used. The 10 support used preferably has a surface area and/ or

porosity sufficient to provide an adequate di spersion & h% g
particles, PHefepymayl 6AIREL166t RNBeREt FAFPoR*bFCEl 8t ROLPYE LPEPEPhETSMode

reaction, bgioprefenahty @ ahkoveDgnéhes eliRHeD| yicwbad tpenatnghecte,t he
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for a more“thffiEle EonfSEt"Pet we8R £ 58r gen ga&re&ctant 8nd the
catal ytic materiah. al rEitdet casemplea khquistipplogtt raaimpie ses taml swidahadices
t he cgntact t he egtr C I t r ehy
|npro§|ng orggégﬁnlzln %éo oﬁg%%ﬁl a%%?ﬁ fetbﬁ%?a¥*§ﬁXHﬂ{ ég&ﬁ?lggg ef
parti cul at eoxagebefaf fmsaé:élt @nd haasgphgee-of ANsppORLTENRIDER i &hey

enbedded i ngtBE,-8URBRPLi3RA/ g betakl ¥ri abegded manbﬁﬁeééppébbal{heand
instant invention also facilitates |ntroduct|on of el ectroly

i nper neabl etHEfABLERe | H CoRAUF SFRPLR - atlé‘ﬁrﬁ"é?ﬁori%cq{?ﬂq]eﬁ% @ﬁl QE‘Fﬂgter at e

such as w rgrnmasghkern, emaagaa@s@et abballn, onetanbadi aaat 1Qf:>nt he Ipr esedtfth
inveablon t he sEgpo rlses one. or_ nore _i.n r X|des

i nor ddni ¢ oXi-38R Pt SPHRE S ThE b HEE naynéghprlse QQQFEasf one
el enent seleobadtframdiiuauymammlconS|§n|ng @hmeCkekampbbalﬂ#ugosmwpgaﬁese,

i tanium zpgegnium. LEon,and Lie iace 8altha sheasilisn The soxides mayy

conprise oné or nore I ndivi oxi des of enents nickel, cobalt,
manganese, Exaanﬂanthezﬁﬂ@@@ﬁ@npompéﬁséﬁdSﬂﬁécﬁareléaﬁﬂheéH@#@n@§ampler

Al ternatel ythtehgupf@%r\éﬂc%&@&l@%%éfi aPGhi HROL/ 98a6Retaxl 9@%&%1&%%@6: pene

or nore oxi des  of oys formed froam two or nore of the _el enent %lﬁel
coball® nan@gﬁé§§d to the surface of the oxide support. Alternate y,

metal particulate may be at least partially embedded within
the oxide support, or it may be totally embedded within the
oxide support.

In still another preferred embodiment of the instant

20 invention, these ultra-fine catalysts may be combined with
zeolite materials. The zeolites may have variable metal to
gsilicon ratios, and the ratio of the catalyst to zeolite may
also vary. A combination of catalyst/support oxide/zeolite is
a preferred embodiment.

25 The oxide support may itself be catalytic. In fact, by
using certain oxides as the support material, regions of
exceptionally high catalytic activity may be formed,
especially at the double or triple or more junctions between
the metallic particle and the support oxide where designed

30 regions of hydrophobic or hydrophilic property may be formed.
Analytical studies show that these regions are rich in such
elements as nickel, cobalt, manganese and titanium, and are

referred to herein as "NiCoMnTi super catalytic regions". It

13



titanium zirconium iron and the rare earth elenents. In a first exanple,
t he support conprises an oxide of 5 manganese. In a second exanple, the
support cwopnioe2s6 an oxi de of nickel and manganese. | n aPChiusdi/esseqpl e,
the support conprises an oxide of nickel, manganese, cobalt, and
titanium In a fourth _exanple, the support conprises an OX|de of nickel,
manganese, éébﬁ?%leV?@aﬁth1Ehﬁsﬁr%ﬂpe#rF%F?#X?%F:HFQ%&ﬂﬁﬂ%ﬁyﬂ%%“§Hﬁb§rt

conpri ses aniexkdemghghhekel , almboganRse.icleahakinbaddet t 8Ai um t|1|&a@11$1h1x—t h
exanpl e, the, suggort copprises _an oxi de_of tltg%igﬁland zirconiu

a
seventh ex&rpFELEHE sEHPOPt compiasses SEPFFcac? ghtH ExAnpi e w fhe
support conpnkpeisahQMMamk'Bﬁadnygﬂn[Kbaéedn@methayrbeulﬁsabﬁlEé@cmmomhe

enst Sparti MLy unBotefen RO RCOB ot ohs Supasr Elog, B ierdep s Bl AHY
enbedded wi pmdet m@rm@meoiudﬁmse Erosohil maiot ber Ipﬁﬂétf-laﬁil m%@éln@nt

of the 'nStQHE/o%Oe'XQF%mlhOQ 1bhes&iubtianl kRgreat al ysts my be conbi ned
with zeolite materia he zeolites may have variable nmetal to S|I|con

ratios, and the FBE 6X3fle KELPLLH V&S 313 dPe t BORRGS AFe® (gtgl gxides
conbi nat i onywaf chaded Yeti SHRPaFdt 0Xi ided 'z gal i;t?ud:@urél maafmg edvembadiifrat .

25 T oxi de _support itself be catalytic. n f act cer.tain
oxXi d3§ as tRE ¥§g}50?1§1a t8FF4r, TGS %ﬁ& t agn'alcllé’sﬂﬁa}} g: & &'yticc
activity mayhbeef arxieibs hapecaﬂIyneﬂeaémddnuhberomﬁrgpheuobommdaries
junctions be n t, " t i '

oot aned 30 PeeRoREL SRRy cEamtSPEthYEYSaS T RSt (W Mt
Anal yti cal dvundies éﬁbﬁﬁ?havﬂvhéséaﬁbyﬁmﬁsHébe PEEALEN e hhy@regent Sngs

ni ckel , Cobﬁg,aro@@g%?l%e NG drd %f&” f@é@l@r@o tgbepkeditochenekeias
"Ni CoNhTi super catalytic regions".
15 nickel alloy catalytic 51tes whlch may be situated in the

grain boundaries). Hence, such oxides facilitate ionic
transport through the catalytic material. '

Alternately, the oxide support may be formed so that it
at least partially comprises a "multivalent" oxide material

20 such as manganese oxide, MnO,. Because manganese oxide 1is
multivalent, it 1s believed that it may further promote
increased catalytic activity by changing oxidation states.

It is also possible to add a polymeric material to the
oxide support in order to modify the hydrophobic/hydrophilic

25 nature of the catalyst bed. Examples of such polymers include
fluropolymers such as polytetrafluorocethylene (PTFE).

The oxide support may comprise fine-grained oxides,
coarse-grained oxides or a mixture of fine-grained oxides and
coarse-grained oxides. Alternately, the oxide support may be

30 formed so that it comprises a "multi-phase" oxide material.
For example, the oxide may be formed so that it includes both
fine-grained and coarse-grained regions. The fine-grained

region may include oxides such as a manganese oxide MnO,, a
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WO 01/ 068246 PCT/ US01/ 08565 is believed that these super catal ytic regions
may consi st of nickel -manganese all oy particles enbedded in a titanium

zi rconi urwoxides24fhese super catal ytic regi ons show a suPpmitsongsback of
oxygen (based on the results of Electron 5 Energy Loss Spectroscopy-EELS).
It is also believed that the oxide portion of these regions may be
partial |y mSi¥hCPEi apdide e st i ¥naoTow @sdat i onOseat @dvapkagki det 2
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more for o FBFRSr GEAE e ST i BRY e 1 ORAEHl | Y R atal yR 1 &1 os
whi ch may bexs$deuated in the grain boundaries). Hence, such oxides

faci i tate i oni crnlf 803890LLhiUAR L 631 BLKI b JIRLE! iBlerflions nalele

t he oxi de suppor orne east partially conprises a
"mul ti val emformseddes@rattémtal theo mefehl a@aﬁfﬁﬁgéﬁﬁéseh@')@ dEenifon BEYSGsd

manganese 0§t9ﬁct§r€%'Qb&§E@n5n Séléétb@fé@V@i@éfﬁ@n'Elf@%&éﬂﬂdﬂ“ﬂ'S@EQHDte
|ncr<% sed catalytic_activity by changi ng oxidati n st at einﬁ al, S(?LS

possilBl e toWalH1R HIEy MEHGE RIRRATH - t T heSDRTRES suppoR
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it irfdé udesspbehitution of the modifier elements (such.as Co, Al, Mn, Sn)

for the nickel. The fcc nickel alloy in conjunction with the

NiCoMnTi super catalytic regions and the TiZr oxide forms a

structure which may further promote ionic diffusion and

reaction. In an alternate embodiment of the present

20 invention, the support may be formed from a carbon material.

Examples of carbon supports include carbon black, graphite,

activated carbon, charcoal and carbine. Mixtures of carbon

materials and inorganic oxides may also be used. Alternately,

the support may comprise a carbide. For example, the support

25 may comprise a binary compound of carbon and another element.

(Examples of carbides include those of calcium, tungsten,

silicon, boron, and iron). Additionally, other mixtures or

blends of supports can be used to provide high surface area

for the catalytic metal particulate and good electronic

30 conductivity as well as good ionic transport.
Alternately, the support may comprise a halide such as a
chloride. Alternately, the support may comprise a phosphide,

a silicide, or a nitride. Of course, the support may be a
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fine-grained and coarse-grained regions. The fine-grained region my

i ncl ude oxi des such as a nmanganese oxide MO, a 14 WO 01/068246

PCT/ US01/WB38/s682M MNCoTi oxi de or a MCoTi oxide. One advanTarel/ofSen

mul ti phase oxi de may be the suitable structural integrity of the fuel cell
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car bon, charedalreane)car Hihee maMextiwles defs cedibedn imther | '@ &adt antohgard
oxi des may al s e r.nat s 4 N eSyppar i r.hj de.
For exanpl e,g t%@%iypogpc%%%)g c&(;érr%%}te gfbi nar ylt%ﬂg}ap%ﬁ%p%,fﬁggrébo%ﬁt?ﬁg
anot her el epeavidipBxahpteshef Eebi ded iviahilde tshesagef ad crahpasangdt en,

silicon, bohgRrogRd i rdRdse AR i QA hibr OERBE1 BLXEUIBS inidl B Pfne
supp%%ts Cagogglugﬁgm&gagrggadgtgﬁggugg{fgggégﬁg?incorporating selected
modifier elements into a host matrix so as to create the

desired disorder. Additional hydrogen storage alloys are

disclosed in U.S. Patent No. 4,551,400 ("the '400 Patent"),

the disclosure of which is incorporated by reference. These

20 materials utilize a generic Ti-V-Ni composition where at least

Ti, V, and Ni are present with at least one or more of Cr, Zr,

and Al. Other Ti-Vi-Zr-Ni alloys are described in U.S. Patent

No. 4,728,586 ("the '586 Patent"), the disclosure of which is
incorporated by reference. The '586 Patent described a

25 specific sub-class of these Ti-V-Ni-Zr alloys comprising Ti,

V, Zr, Ni, and a fifth component Cr. Modified LaNi; materials

are discussed in U.S. Patent No. 5,096,667, ("the 7667

Patent") the contents of which is incorporated by reference

herein. Still other examples of hydrogen storage alloys are

30 described in U.S. Patent Nos. 5,840,440, 5,536,591 ("the ‘591
Patent") and in commonly assigned U.S. Patent Application
09/290,633 ("the 633 Application"). The contents of U.S.

Patents Nos. 5,840,440, and 5,536,591 as well as the contents
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for the catalytic nmetal particulate and good el ectronic 30 conductivity as
well as good ionic transport. Alternately, the support may conprise a

hal i de suwb oamesed6 chl ori de. Alternately, the support nay ®CFAISOEEs56S
phosphide, a silicide, or a nitride. O course, the support may be a 15
WD 01/ 068246 PCT/ USOL/ 08565 bl end,or mxture of the materials described
above. One Gf Ph&-sPaFerhg”RateFrafent b7/ ¢AR: P37 ndf® il bi LRHRF PR RS BYe

materi al s ofrelfhecpiceserdrdinventi on are hydrogen 5 storage alloys. These

are materials which are La bl e .of th abs ian apd release_of hydrogen.

Hydr ogen stor agelEéﬁ Sg l?ﬁ SI tThe" %’% ®s é%ave?ﬁég?ﬁplaéﬁ%

hydr ogen sedilayes alatvayrg arre tdospbisNitiammd LaNi 5 aI | oys. Ot her exanples of

hydrogen storage alloys are pr oy i 10 4,623,597 (the
£ (B LR B e,

di scl osure of which is incorporate 'e materials described
inthe ' 597Wb§§r@n5aﬁ§vélIQYg¢@amyS$ﬁcQ chsed 6denspmicopesaear yiicdl 1l to

active sitego R r@ef@én& h@rf asgt iﬁf‘%@téébﬁlét %re%%%n%nd\freb efsec0f57
hydrogen. These ,materials were (?rl cat ed manl pul ati ng the 15 Iocal

cheni cal an@toMigcOFEend d&r P n%o’f‘bo?gt @m§§| BEFEENEnbdi f PertSellerféht s
into a host 7nBt bkymse psrtenereat £stike tadgskreaidi perdent ; Addlsional 3.5

hydr nstoraeallos ar.e dlsclose |n U S Patent No. 4,551,400 ("
'4000®gtent' )t JTche (f%l sur €% of Lihi eh S | ﬁb $po?%?%jdc byp?Jé?gPEhce(anfﬂese
20 materi al s1+&|1ﬂCI+Ier@=d0@eaepmacheveantcorlm tofonhehel tomt desstibdd iy,
and Ni are se | r %rﬂ%r

Ti -Vi -Zr-Ni FM»,]%' ogtsal\zgnrpéte glrgc%ﬁgigd ag%ﬁéc%lo of] }]712%9%85“&(]"5 586
Patent"), tR& &hscl 68UrBaedninhitdle |d§sq1@§@rr@op£t@h1§b refigrearRorard

Pat ent descyeq%geﬁcghw@yﬂl c sub-class of these Ti-V-N-Zr alloys

conpr,ising Ti, and a fifth conponent Cr. Nbdified LaNi 5
na?grﬁglsg The [633 App llcat{on.descfn%es certain hydrogen absorbing

alloys formed by adding one or more modifier elements to

certain "base" alloys. The base alloys preferably have a

composition consisting essentially of 0.1 to 60% Ti, 0.1 to

40% Zr, 0 to 60% VvV, 0.1 to 57% Ni, 5 to 22% Mn and 0 to 56%

20 Cr. The modified alloys which are described in the '633
Application are referred to herein as "the '633 alloys".

Preferably, the modifying elements are chosen from the

group consisting of Al, 'Co, Sn, and Fe. More preferably, the

modifying elements are chosen from the group consisting of Al,

25 Co, and Sn. In a first example, all three modifying elements,

Al, Co, and Sn are added to the base alloy. In a second

example, all four modifying elements, Al, Co, Sn and Fe are

added to the base alloy. In a third example, the modifier

elements may added to the base alloy so that the atomic

30 percentage of Al is between about 0.1 and about 10, the atomic

percentage of the Co is between about 0.1 and about 10, the

atomic percentage of the Sn is between about 0.1 and about

3.0, and the atomic percentage of the Fe is between about 0.0
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are discussed in U S. Patent No. 5,096,667, ("the '667 Patent") the
contents of which is incorporated by reference herein. Still other

exanpl es wb ohypée2egen storage al l oys are 30 described i n UprBI/URat/e8365 Nos.

5, 840, 440, 5,536,591 ("the '591 Patent") and in commonly assigned U. S

Pat ent Application 09/290,633 ("the_ '633 A;ipl ication"). The contents of
U.S. Pat enf&INBEOUE 84D 4480 @S tE36x50P 155 hefl madlfHer eSS TRy WO
01/ 068246 PECH WGldd8665tbk WaSe P@lmy A@plumaa:twmeogéaa@t@aa acroealaeiled

i ncor por at ed b¥ refer nce here% ngfl of _al ons descri bed |n the '591
Patent are % haV| 35t he ¢ %p%m t] ?E&sré Al | oyy C&EBKht FFed8nie
wher e Base mlllgcmrgomrd\fse@o@ralﬂqg £, gtk Smes.cent Ti, 0.1 to 40 atom c
perce Zr, 0to \ 7 i eLLE

to 56r5tatom Cc per gg/%x%géﬁ' %tgféggnéll %%et%%tg) Eg?%gg%ﬁtg {)s %%n atom c
percent; d metglt 03 35S byat-be C:eﬁé’rtém eis O0to 1.5 atonic percent; and
atb+c+d+e=100 atom c percent. Many of the alloys described in the '591

Pat ent include WMh, the effects of which is discussed in the '667 Patent,
the disclosure of which is incofpdr&edOy>r¥Perence her@n. 15 The ' 633
Application describes certain hydr ogen absor bing alloys forned by adding
one qf, nore difier el enment aln "base. al |l ays., The base.allo

r ot alably HYVECFe GHSSIAT oft CBHET Sng  BRSERi el 1% oFD. TOPRRBORTIOE 0. 1
to 40% Zr, sGrtfece0%¥/dds 1sbot5%%Nng>s’5 taf221€«®Maé.ﬁtd 0o ff otBé¥e2@1QraysThe

nodi fi ed aI %g%?ﬁe c% ar l@q@&rl la%qafc%rtg ad %%geéppl It cg&\p%'sgglqugrgfd

to herein a m)dlfyl ng effenents are

chosen fronmth#e gﬂéﬁﬁaaéoﬂ‘él’ wﬁgomdexll,qy@sf depenglsd RE. LRBFE bR &Fasriablan
t he the composition of the underlying bulk alloy material (that
15 is, upon the constituent metals which make up the bulk

material as well as the atomic percentage of those metals).

The oxide surface layer is typically between about 50

Angstroms to about 1000 Angstroms thick, although thicknesses

of the surface oxide layer of up to about 5000 Angstroms are
20 possible.

The initial surface oxide of a hydrogen storage alloy may
be modified by an etch process. Alkaline etch processes are
described in U.S. Patent No. 4,716,088 ("the '088 Patent") as
well as in commonly assigned U.S. Patent Application

25 09/395,391 ("the '391 Application"). Both the '088 Patent as
well as the '391 Application are incorporated by reference
herein. As described in the “088 Patent, the major role of
the etch process is that of surface modification. The °088
Patent, "391 Application as well as the "591 Patent and the

30 633 Application describe the effects of the etch process on
the surface oxide. ,

A method of making the catalytic material of the present

invention is by subjecting a hydrogen storage alloy starting
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nodi fyi ng el enents are chosen fromthe group consisting of Al, 25 Co, and
Sn. In a first exanple, all three nodifying elenments, A, Co, and Sn are
added to wbelbewes al | oy. In a second exanple, all four nmpdirfusonesses enents,
Al, Co, Sn and Fe are added to the base alloy. In a third exanple, the
nodi fier elenments_nmay_added to the base all oy so that the atom c 30

per cent age BRtAripd dahisdh idhrreienakhy h’aogbeléPr{Hhé’falaoﬁiot‘f’deﬁérc,téhtaage

gf _thebCo | 3 chehwagn sbetdsd. Laand abesérifd tie hatbeihc a42£rgentlagaroing he
nI1s petwe

n about 0.1 and about ., 3.0, and th om c percent age of the Fe
*e betveen SDSAEIETS ) 17 WS ORI BSOHAOS B R0 BBREP LR R Ao Lo 1
fourth exangl éleephepm(éitfdaaur@i eieritks' rimac}hmgadxieﬁ:dscs t Ihikaseeeald dyheso
that the re I l_qy o] Ti
oz 26.50vs, - Syeas el eied B! #Ei SthpaSath s deer 0k
tend to rea&tea\mhmgoxy@@ptmﬁeﬁmdmals Meedeblbg agent baey i 'dreadianty/)2 02
-> MX (2) L@nbvdeegen,shar ageoal EH&!SS@@@ mf&ﬂ%ﬂ&i% Jrfmtd Uk idfe

surface oxides so that nost, if not al hese al conprise_an
initial sur fléé/'@roﬂfdetlll%y@iLioYh@%‘&H‘ﬁé& @eh ig¥to t hie PﬁFFFﬁﬂesmléfce %5ki de

| ayer derJend%edathé@@ﬁﬁ | nppakl', ©Hfetde e0nRasi ﬁ.h@@rQBrt &eegmr&erbyl ncheul k
al | oymmat eri al at 15 [ %?]hg__ on ttbtzo onsti tuent tals nmake u the
bul k 'Ymat er PAFE § o Ay & et oY arﬁaet i

oxi de surfadeaderg |§r®yea’;sabey1elmtam ain@utrﬁ@t%n@siero,rrsléachbsﬁ:t at000

Angstrome thisle 8l Lhgugh; LhLeknssers, @f tesds agecori dedausr ol to

about 5000 ngstrom; e lnitial surface o
hydr ogen st Gragerabloy ﬁa?lgbefméhﬂil parbyoancét theppetlesiss Imacigdhehach

processes ak@e leaching process treats at least about 10,000 Angstroms of

15 the hydrogen storage alloy particle. Hence, it is preferable

that at least about a 10,000 Angstrom thick layer of the

hydrogen storage alloy particle is leached. More preferably,

at least about 20,000 Angstroms of the particle is leached.

Most preferably, at least about 30,000 Angstroms of the

20 particle is leached. In another embodiment of the method, it

is preferable to leach at least about 40,000 Angstroms of the

particle. It is more preferable to leach at least about

50,000 Angstroms of the particle. In a preferred embodiment

of the method, it is preferable to leach substantially the

25 entire bulk of the hydrogen storage alloy material. Hence, in

a preferred embodiment, substantially the entire hydrogen
storage alloy particle is leached.

In other embodiments of the instant invention preferably

at least about 10% of the hydrogen storage alloy particle is

30 leached, more preferably at least about 25% of the hydrogen

storage alloy particle is leached, and most preferably at

least about 50% of the hydrogen storage alloy particle is

leached. In yet other embodiment of the instant invention
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described in U S. Patent No. 4,716,088 ("the '088 Patent”) as well as in
comonl y assigned U. S. Patent Application 25 09/395,391 ("the '391

Appl i catiwo'op/o682B0t h t he ' 088 Patent as well as the '391PAmIISi)ﬁm5'65)n are
i ncorporated by reference herein. As described in the '088 Patent, the
major role of the etch process is that of surface nodification. The '088
Pat ent, ' 39PrApprRbavi e dsaddl |akeut heb% 501 Paecehydapgenhetogavgszlloy

Appl i cat i on Q@%&&u@elghfegéﬁ@&t Sard rid¥& ?&%rfe%%qg‘{sﬁtoﬂeaéjﬂeaﬁdyﬁ{ aney @ de.
A et hod of ma |ng§t e cataly tlclag@terla resent _invention is by

subj ecting &PRy8YEYEAHt 6C2FE98 Pdy O3t Rratrltﬁé’ elévaée@f 246
PCT/ US01/ 08565 pBt edieakriinkidch absvier, ef %.hableyhboﬁllh\léﬁtf o@ oftha pdwdemshtto a

| cacnPng pr EEELYERS R FPELERy iR, chi Tofory Wiehy BeRelr BIgOBATE
| eachi ng pr embesde®hi snmeansokhde Ssugmotteachihy patremcallla(tt hetlagt mggal
material that does Lhe rdmgﬁ%%”?ome%'ai‘igrggf (h&a té’mﬂ?ﬁor'&aﬁ*ibﬂ% a%ﬁ'lto"y or

"l eachant ") ™ "penetrates w the Angstrominitial sur ace oXi de
| ayer of thehareoychrr pickelarmd ian olagks pRetic vl auitum Agndy ped laekern,

"bul k" ref e&aﬂsoeﬁda@dm&ﬁ&l 05y 18810 t@@b}@c@ﬂﬁé'tﬁh@ BeneRidh (e r5QQ0

Angstrom oxi de surface |ayer. The | eac process penetrates and treats
(i.e10 | eacRédPYatmatental 4 t& ghli¢i @W?& it6n BFAEHERHUPE OFFSEhe al ?’S‘y
partl cle. Peakatabl Yorsécss gnigenedita teer t 19to ofsubike abutlilke1ils, | eae heshbiren

the | eachin [o I t ab 10, Q0 { f 1 he

hydr ogen Istgf—’%éé%;slelsoé g rt":iu(‘:‘iE Ceqa—rlzveéfgt Ou%‘h 'S %ﬁ%‘gé n%? rocfn?inéé)o%?%%ast
about a 10, @QbsAag;tt’uadfrwt hhekehaiee mflk v thedabdien saorhgke dld exighst.i cl e
i s | eached. c% pg%fer bﬁza ?% E% BD%Q%%to%Os%%%t% %ﬁq t%% %E%ire

particle is gache erably, l'east a Angstrons of
the 15 alloy partlcle 1n converted to oxides.

The hydrogen storage alloy may be subjected to a leaching
process by "contacting" the alloy material with an appropriate
leaching material for a predetermined period of time, at a
specific temperature and at a specific pH. To convert the

20 alloy material to oxide, the appropriate leaching material may
be an alkaline solution. The hydrogen storage alloy may be
"contacted" with the alkaline solution by placing the alloy
(which is preferably in powder form) in a container of the
alkaline solution. The alkaline solution is preferably formed

25 as an agqueous solution of an alkali metal hydroxide.
Examples of alkali metal hydroxides which may be used include
potassium hydroxide, sodium hydroxide, lithium hydroxide, and
mixtures thereof. The pH of the alkaline solution may be
adjusted by changing its alkaline concentration. The alkaline

30 concentration is adjusted by changing the percentage weight of
the alkali metal hydroxide added to the aqueous solution.
The period of time in which the leaching material (i.e, in

this case, the alkaline solution) is in contact with the
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20 particle is leached. In another enbodinment of the nethod, it 1is
preferable to |l each at | east about 40,000 Angstrons of the particle. It is
nore prefwoabloes2t® | each at | east about 50,000 AngstronsPoff/ushe0§ses ticl e.
In a preferred enbodi ment of the nmethod, it is preferable to | each
substantially the 25 entire bulk of the h drogen storage alloy material_.
Hence, in B8YPFegsrr 8§O8RESPHERY, §‘€|b§’?éﬁt PEI F9et ﬁ@mB%FiaFé‘rﬁyégggQﬁ of

storage all auepaéhbhhe@ %g’e@ﬁﬁhﬁfb aITl otdenl erdbtibaeive ohrihplepstvaritch

i nvention pr, efe % 5‘?8 bgu& 10% fot he ?yg{gog n_s gr age aC o§
particle is® FeX ﬁéa F&ferib 911 For'gas Su ?5 oF PRE“MYdrogen
storage all oy partl cleis Ieached and nost preferably at |east about 50%
of theg hydrogen a I g?%h y o} ment
of thg i nst ant |I§%fe}%t %gn%ﬂl% 1/3(086§3i:264[%jol51 S%%%%%%S%%r% gjrf{ag %Qgﬂ?

| east about a¥boyofatde FEAROgen ckictiggs abyoythaangentizateshcrédaling

nor e prefer@@hﬁtﬁénlQﬂsttaEOU1e§@ﬁ@@§ p&@%e@%ﬂrOgﬁﬂw&kﬂﬁﬁges@hEOMD@a%bbC|e

is | eached. descri bed above, i men f th catalytic
material s .@esaﬁ-;tﬁa ¢ lamengsdang /3K %Eﬁpmw% 1ne’ﬁ§8dg’élé‘ Hfaﬁh PddbY
support. | napar tdedilsfant heonﬁmjdatﬁafﬂ I]syll athe rm:ykeb]elxae mebdhltiieonni ckeh;
and/ j@ a ni c el all O}é&]i where the nick Qy _| z_aLcks tﬁl at i_num and

iu

l
pal | PEBHb r@ﬁrcﬁ%f/l%rée nﬁggrgifnguﬁijl St nagrl (ﬁydrogéﬁ'cgt 51rqage
10 al |l oy rrathiisalstaarttlhng apprapriat ehéeatkbagngr c&célss:w'lfhefor eacmenrgaln

rocess pen S t b ntj.al t |- ker ang
(F:)onvertspt hgé{é;l&% Zgn &I?:é(;n%%ﬁetr?{ts <—J{oyCéJl':l@ %?a%tél gFFQEEh erl{lﬁjrﬂg{ ul k ofg t he

al | oy partiepesiblexites conMeade, thfe axdicdizadie @@Y&E@ﬁ@ﬁi@ ofo 0X1des

substantlalhawéberentbbﬁe 15fa|E9¥ pactkeheci NnceR: E&a&h&@ t gneybees a11bg

hydr ggen storage allo esbectedtoae
y q% y Y Lance oxi atloé) by the alkaline

components are resis
solution and are not converted oxides. In fact, by carefully
selecting the appropriate starting hydrogen storage alloy as
well as the appropriate leaching conditions, the starting
alloy may be leached so that substantially all of the
20 oxidizable components of the hydrogen storage alloy material
are converted to oxides. Those components which are resistant

to oxidation will remain as metallic elements or alloys.

Hence, 1in a preﬁerred embodiment of the catalytic

25 material of the present invention may be formed by selecting
an appropriate starting hydrogen storage alloy material and

then leaching the material with the appropriate leaching
material and under the appropriate conditions (i.e., time,
temperature and pH) until substantially all of the oxidizable

30 components of the starting hydrogen storage alloy are
converted to oxides (i.e., so that substantially none of the
oxidizable components of the hydrogen storage alloy remain).

This "completely oxidized" material includes a finely divided,
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process by "contacting" the alloy material with an appropriate |eaching
material for a predeterm ned period of tinme, at a specific tenperature and
at a specwDiog/op8d46 To convert the 20 alloy material to oxi @#€T/UShE08565
appropriate Ieachi ng rrat erial may be an alkaline solution. The hydrogen
storage all oy be "contacted" wth the alkaline saolution by placing the
alloy (whi bhghéypr%té%% i RepBhdend/ srmathon Bartaicied Y Weich| KA i ne
sol ution. Thee@kkabiRe $DEMEL 0BNET opf a{meénl yambwd 2a@s as mmed

sol ution of an al kal 1 net al %%{drom de. of a ka.é t al l roxi des
whi ch may b8°G¥8d el U= b E\sEPufﬁOW&F&% br & mlé1 Um
hydr oxi de, an@utibxt urelse tdret@ofed Taeeptiadf wthh mdakallpmrtsx)d:mllam mwy]d&e
adj ustzed by Lng n oncen Th al i ne
conceﬁtratlo%@?ggag l:{)e % aﬁl\agslcng%ll th%gégigg%tca gx\%}glﬁght ofﬁp(? hgletlak1
met al hydr opad§1addledetmayhlee ﬁetezﬂmlsolsmlén Asmesg@sf-‘@@ gte mamimqiamu ch
the |eachi nﬂa?‘itk?er'ﬁ!adé' idH) ndPS 262S8setdRe abkaliBe S 1Id Ophith il
contact with the 20 WO 01/ 068246 PCT/ USO1/ 08565 ~ hydrogen storage all oy, as
wel | as t hePFEABERRLYT SBRERAT GPOUthd 00ARHS FEORGefioke Prgierably less

resul t-effeehbue abawtabloesx.n\g@tcrlamsq apndemvari QQLetf@I%Ul?gCtletéte tOldrC mlﬂ:f

t he l.eachi ng_process nmetal lic _conpanent b k of
the 1oy gP p’r’@f&q%}“%w di ?ecﬁ%i;ltﬁ%q"coh%eﬁﬁ:&aé& a?%‘%%em—s%l 8t i
t he | eachi ngrpsenew_nvldm/m:m tisonmpaotithbateaemaly ilawet eaepagtandlbomlazlel oys

within the g%egﬁ Dol DY cBr 8RbAE! Fad 0% at%98f§¥?#ﬂ%

sol ution. 0551 nNg an appropriate starting all ectl ng
this starti ﬁ@oarcl 69 to aheuhl kélAmesotng i oo rorefenakain bqiérqasd a@rovtﬁ me

and at a cefhaip &B%Er@buéﬁgéﬂgoﬁb hdst Spré)%]@if B waY &fiodthelo to
oxi di zabl e corrponents t o oxi des wever, sone of the netallic conponents
and/ (Jl% al | 0% bout 30 Angstroms.
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15 conponents are resistance to oxidation by the alkaline solution and are
not converted oxides. In fact, by carefully selecting the appropriate
starti ng Wodnoeeems storage alloy as well as the appropri aPeTIUSavbEsny
conditions, the starting alloy may be | eached so that substantially all of

the 20 oxidi zabl e conponents of_ t{he hydrogen staorage all O\t/ rrg%erial are
converted to oxi HEECSThEEE LBAPBHRAIRE AFfTh PR IS & SAFT ebroxFH4t G
Wi || remai ntasmartad | dL£e £l erentg tiriall eyaprileiae, meladlpeefittked and/or

enbodi ment of the catalytic, . terial of the present invention nay be
Forned by, sLEEPInG L LaH RERF boTe AT AP g e ARGOgn e bh a1y 217
mat eri al andi.ehen uleachi hihd heetrmt erd atamiystde. appropsi aoeededdiditng £
mat er izal an n r La conditi i i r re, and
o0y Ui | oGBS R s AR, WP ARk b tRehi | Bivel nEckel B (L BRBE A
hydr ogen st pragd cdldsoyusies Behselvsdicalonicgss (it avouk@g ehpher not be

substanti al Lysaopa Of the ; roxpdizabl e, coppases ebstheiywivgen st or age
alloy remain). Thiis "conpletely oxidi g@d" terial includes a finel l{%’r
divi ded, 2PWOLGVAGER246 CPCTF USRI eB5652thi HROFICRURCY t FE Cref At end/ 6t -

al l oy parti qybate opwhith msvar efetr addl y i ckel ~ao8/ eateintkel daldoaybeshat ,
as di,scussed . above, is . .resistant t onversign 1.Q i_de .hy. t he al kal.i ne
sol ut1i%on. Tﬁ@tggp%ilfeglarjﬁﬁ%ﬁﬁa%%\ﬁn{e% rc?é’t\aﬁ epae elcctlﬁoﬁ(e orTc’EiL;l’é/ Te' 5 f?enflecrkreng to
herein as aihtat al pbilymexiidelay®he nEhatonipemst cud atlee nieys tn textateniptbic
smal | . As di th i : Lch V; VRIAaS
particle si ?%‘E\%E?%ﬁsi,-sﬁh%?%%%§%%f§c {%‘%/tsaﬁhé;ﬁ%gbgﬁ%e 1%8%%@%%%#&{ . m)r?ees-
preferably Réskelt loxridshartier Avgst edmendisd msste et a¥iabisd | kv e

about 10 501ARGeHRMR st 2ddehirOfo.i 5, 6581370 e8hedoPBALS, Odt tAIE. pPrasent
|nver;1th70n the particul ate maﬁ have a particle siz bet ween about 10 Lbo
about!970 Angst/PonBatsiét'ar apljonetsenibes a nickel catalyst made by

subjecting a nickel compound carrier to a thermal
decomposition treatment. In contrast to the present
invention, the ©Ni/MgO catalyst of the 379 Patent also
consists of nickel oxide rather than metallic nickel.

20 In addition to converting essentially all of the
oxidizable components of the hydrogen storage alloy material
to oxides, the leaching treatment may alsc alter the
composition of the oxides. The alkaline solution may do this
by dissolving the more soluble oxide components out of the

25 oxide portion. Certain oxides are more soluble than others in
an alkaline environment. For example, the oxides of
manganese, vanadium, aluminum, cobalt and tin are readily
soluble in an alkaline solution while others, such as those of
titanium, zirconium and nickel are less soluble. Those oxides

30 which are more soluble will be removed from the oxide layer to
the alkaline solution. The less soluble oxides will either
remain at part of the oxide or enter the alkaline solution as

colloidal particles. Hence, the composition of the oxide
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about 10 to about 50 Angstrons, nore preferably between about 10 to about
40 Angstrons, nost preferably between about 10 to 15 about 30 Angstrons.
22 WO 01/W632462RCT/ US01/ 08565 Hence, the | eachi ng proce®sTarsovisies a cost
effective way to make a catalytic material conprising nmetallic nickel

and/ or nickel alloy particles having an extrepely snmall particle size
(i.e., ultrREHOmMetidl] Pe edtarest s) FLovresl nbt el tHRM ighof PHE RS t o
make the sap®icsiizey NtBkelefHediLkeF alda@®nimprbi Alyee-didgsiBtabburLics)

means it woul d either .not be ossible, aor,if possible, would be cost,

r o bi 1 ve P TG PFGHl AP SReLenRof SaCPHAY TALRGTONKL o t PheEE NG
4,541, 905 t gdumEnm) et dln Fighee' 905 alentd' ) pdestonbest ath@ datdtogdrc
mat erigal for t t 0si t] f nicke into a polyneric |ayer.
In cor??r ast S{{(;%%t e iangtc??n?p%c%%gﬁ%_ﬁ{?g (n%teglrila as%%létdh'e catal ytic material of
the '905 Patent cohmdtderlwninduivind dae adre sHable emamclentst alf ithe

ni ckel . Likewige pBagkghoyRdciad toRafi8Ati Noa ton323, ]%lz’%vﬁaegd95%a§cbsr%téil ,-

("the 15 '379 Patent”) al so describes a nickel catalyst nade ubj ecting
a ni ckel cofPERR A8y CF‘Ba&YFhér%‘FeSd@%ﬁ‘@ﬁ@éiltlicoﬁlﬁkéétwc?r i ckel
contrast toaflleyr esarih akeyeskieBantheoNokMIsk cahabigtaDo tiieso R Latrent
al so of. .nickel ox r at her I 1ic nick 20 I,n addition

onsi st s | de, Lt han net .
to co1r(£erti eesas]é?ﬁ]iﬁqr?ysa;LPngnt heNlé%egi LEOFD n@ﬁh@yﬁf e gen
storage al | oytrdtldrd altate) axedss;alihel ¢ eachehgetréatitpt conguat sve aldret
the conposi.t]| t ' . i t] 1 i %
di ssol vi ng tt ee%%o%ts‘%%}u%)ge%%%p -g?:éﬁoe?réplé%lgn[lgnp%%{#éé qﬁ]%do%xl! es'rpeoth}IOlr_ldn.
Certai n oxi G&s graédeoregsohubs echummagtchepsailyt ignaafkapndecehve ridrmentt

For exanpl e; tt hern@didrsy of hiBREANRERen Ig#HMo Al BB P RAlIgand tin
are H%?dlly Removing the more soluble oxide components also makes the
oxide region more porous. An increase in porosity increases
the permeability of the oxide region to the diffusion and
transport of molecular hydrogen as well as to the diffusion
and transport of certain ions, such as hydrogen and hydroxyl
20 ions. An increase in porosity also increases the surface area
of the oxide region.

It is noted that the bulk leaching process used to create
the catalytic materials of the present invention is
distinguishable from alkaline "etching" treatments used to

25 simply modify the initial surface oxide layer (described
above) of the hydrogen storage alloy. As discussed above,
this initial surface layer is about 1000 Angstroms thick.
Alkaline etch treatments described in the '088 Patent as well
as the '391 Application, are surface treatments used to modify

30 the existing surface oxide of a hydrogen storage alloy
material in order to make the material suitable for use as the
active electrode material in a metal hydride electrochemical

cell (for example, a nickel metal hydride cell). When used as
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soluble in an al kaline solution while others, such as those of titanium
zirconium and nickel are |less soluble. Those oxides 30 which are nore

sol ubl e vwblolbes2nenoved fromthe oxide layer to the al kalPcmassobssss on. The
| ess soluble oxides will either remain at part of the oxide or enter the

al kaline solution as colloidal particles. Hence, the conposition of the
oxi de 23 WEhe12068vanmcTy Ush1i 08585 elnstinasihanicabealk eltd@ bigiosent i s
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whi ch are resitﬂtmne@ oxifdathont ardd 04 sdngatvbubl e | Wllblrlhé:laiéxabpcnde

sol uti on. Nagkekcandplekelnald oyt o Dathel fumBh At 1 Shidhen 1AepcRiahyt i C

and el ectrica y con uctlve ese Ca tic propertles are | arted
to the oxi déniﬂé@roﬁlckqfﬂaeaé?epaepaéei@%eﬁs thﬁasaﬁﬁr encahgl prrerapd about

conductive tbhand fabbht Cont aAmpskBohe ghar sslozg:ent oHeren 10f hageet ] Nghe
OX|d§ﬁ 15 ReNDV|ng tEe gg;e sol.ubl.e oxid ts also ma ﬁi t he, oxi de
B 5

r egi mor eL HBFbHS! EREE IV i Msdia 9 ?%} &3 1R hERBeFRERLPFAEY of
t he oxi de regirfactolbherdiifsf aadn and cdm@pnsipod ©ob vtk ecallame hpdr ogenlas

well as to the dlffusH%P ando&ﬁ nsp r%ugk_§gré |rhyéyg eﬁ“&é& é,h%gpgggn

and hydroxy? 201 ons iNCrease i n porosi SO0 -1 ncreases sur
area of thpaokidéesegion. It is noted that the bul k Ieachlng process used

to create the Cat§hyEbEtFBE€r'QESdQECEQEeBrQBSQE '@ﬁ%nﬁbgghhﬁg process
di sti ngui shable from al ka etching” treatnments used t
15 used to form the catalytic material of the present invention

preferably oxidizes substantially all of the starting hydrogen
storage alloy particle. Leaching conditions (i.e., leaching
time as well as temperature and pH of the leaching material)
are selected which completely treat the starting hydrogen
20 absorbing alloy particles so that only oxides with suspended
catalytic particles remain (i.e, a "catalytic oxide"). The
leaching conditions used to make the catalytic materials of
the present invention may be different from those used to
aétivate the hydrogen storage alloy materials for battery
25 applications (i.e., since at least a significant portion of
the bulk will be leached, one or more of the Ileaching
conditions may be more aggressive). Also, the selection of
the starting hydrogen storage alloy itself may also be
different for the instant invention than the starting material
30 used to form an active electrode material for battery
applications. For example, the chosen hydrogen storage alloy
for the instant invention may use a higher fraction of readily

dissolved elements such as V, Co, Al, and Sn.
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25 sinmply nodify the initial surface oxide |ayer (described above) of the
hydr ogen storage alloy. As discussed above, this initial surface |ayer is
about 100woAmget2n©ns thick. Alkaline etch treatnents desecirhsdyisses he ' 088
Patent as well as the '391 Application, are surface treatnents used to
modi fy 30 the existing surface oxide of a hydrogen storage alloy nmaterial
in order to nnkesﬂ?é”%ﬁ-tcé\fji]ézf' stiPt e f Breusatad vitie metevtals eofr ddee
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in size. Aftep~th t treat t hydr,ogen ge.allaq article is
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a thi cknessweflgifomt 19090 gty onstaW hindnokhde oxi peefemefdor dtaylergst

there are aabange saRal s | g taldidrahakels andloriakelo ald ey
particles that are on the order of "about 10 to about 7 Angstroms n size.
Overal |, hoR@fepostnereferrhatyidh atthahoatalbt welgbtdl pafteevesei thae

thin oxide 1%@0&1@@1@ |y Ry s iﬂ'dis;brﬁsmél 5 :}efir&t%tgomgitéantb?thae a‘HQ)lxl ;lén'@_»l aQIgéEB{_taéﬂld
pres in the non-oxi,di ulk of the rogen storage alloy particles.
I n cgﬁ r ast ,mags%&i JaIdS: %éfb(?\%{letvﬁe qh&%srﬂgeé]d??egégtsl'S used to formthe
catalytic materi ahn ofinbhhepr eseloddimeent ioh ghef aeablod osfdidslsing the
substanti al | I f.t ting-hydro torage alloy patticle. ..
Leachi ng cor%ﬁtﬁlgﬁ‘gc( i%&%laéch?ﬁg¥gFi .%e%fse%v%ﬁ%% %%%érg%‘ﬁréefhc&lw of
t he | eachi nf§efgrapilabpedamnay st ez et ivghi ¢ Is dovidlast el Fhereae ¢hearstaariding

hydrogen 20¢caksquhi ngcal bouopagt Lk gs §19eth§§i:9ﬂyllz§%ﬂde§cdﬂéhosfjs%@d
catalytic particles remain (i.e, a "catalytic oxide"). The )

1% invention. The acidic solution may be an agqueous solution of
one or more acids. Examples of acids which may be used
include HF, HC1l, H,S04, and HNO,. Blends of two or more acids
may also be used. An example of a blend which may be used is
an agqua regia. An example of an aqua regia is a mixture of

20 nitric acid and hydrochloric acid. The leaching process may
be implemented by "contacting" the alloy material with an acid
(such as HF) for a predetermined period of time, at a specific
temperature and at a specific pH.

It is also possible that the desired catalytic materials

25 be made by using two or more leaching processes. For example,
a first alkaline leaching treatment may be performed at a
first set of leaching conditions (i.e., a first alkaline
material as well as a first time, temperature and alkaline
concentration), and then a second alkaline leaching treatment

30 may be performed at a second set of etch conditions (i.e., a
second alkaline material as well as a second time, temperature
and alkaline concentration). This process may be repeated
with further, subsequently applied, alkaline leaching
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| eaching conditions used to make the catalytic materials of the present
invention may be different fromthose used to activate the hydrogen
storage awboyoemterials for battery 25 applications (i.e. PCIIUSOBRSHSS | east a
significant portion of the bulk will be | eached, one or nore of the

| eaching conditions be nore aggressive). Also, the selectiqn of . the
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present invention, | eachr ng teria an a [ ne
t he | eachi n@r@@@@ﬁ mys qmypxbéq:msee@rs@qmatahmémeeMWe tgfeatment

al kal i ne maters dhel §rPheier aghﬁléb%&cﬁﬂ%ttéee@%n@é‘d noFe Prerfberalinar
above about 100C., The percentage. weight of the alkali netal hydroxi dené)s

pref erabl y &ROSdEENtahokRe 36 SpEititd, PRBFESHr &5t aBP’}}pﬁi-S?eé’sﬂi
wei ght % andkanstheprelemablyy tHedBasitakeid 0 e JLehidg andsmeritie

Ieac gco |tion are not I|mt$tothe above ranges and 10 aﬁ;

Vo o' ol o R ellingy FReEridse CRRRERhESE nlh SR ek

of maki ng thggreatsdlt nethetcericaomed fuld ypresert thesrﬁamng hae‘LJJcaachi ng

mat eri al used maégxsbgl?g % gll 8b89£“t9[}ﬁ }%q_ eogf R I%:] % Qs
e aC| c SO

also within the spiri scopée of rnventi on. utton
may be an ag@eolps suviag jash die @m’éabthrIéaﬁ%Ift@l ekanplfeelofceddi dnagd ch

may be usedgnihy ghugl%tHﬁasH%g H%SQé baﬁﬁd%@th& %dsu@flé oo 1 S -1 ds
may a1I550 be use An exa whi_c e used i's
this fuel cell anode functlon of the 1nstant catalysts may be
assisted by deliberately leaving a portion of the starting
hydrogen storage alloy it its metallic (unoxidized) state.
Specifically, the dissociation of the H, gas reactant and
subsequent reaction with hydroxyl ions from the electrolyte to
20 form water with the release of an electron according to the

reaction equation:

H,(g) + 20H ----> 2H,0 + 2e (3)
may be assisted by the following sub-mechanism:
25 H,(g) + 2M ----> 2MH (3a)
" 2MH + 20H  ---—- > 2M + 2H,0 + 2e°

(3b)

where the molecular hydrogen H, is first absorbed by the
30 hydrogen storage alloy (step 3a) and then reacted with the
hydroxyl ions OH from the electrolyte (step 3b). Optimized
ratios of unoxidized metal alloy material to catalytic oxide

can be determined by optimization experiments. It is possible
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an aqua regia. An exanple of an aqua regia is a mxture of 20 nitric acid
and hydrochloric acid. The | eaching process may be inplenented by

"cont actiwg'oiobs4@l | oy material with an acid (such as HFPCTArsSou08s565s
predeterm ned period of time, at a specific tenperature and at a specific
pH. It is al so possi bl e that the desired catalytic materials , 25 be nade by
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repl aced with qne or nore acidic I i ng processes (wherein the | eaching

material is %addﬂeer%%ﬁ%n)o I—%‘ﬁe]é thethPeadWidrPYibceEsTReEy MY se
two or 5 erlpeu:&G.lcd.lecs el hehie eod PEIY Sic Abiﬁwatebpectﬂf@cbaagwhl A6 AHAGRSS

I I hi t. t.
e i D cac g VrGH menta. (TR o BEPRTEUR ar L tontBdl RERCCCPRGS) ot ngrhe
process my 1@@@@11111536 wocesmt chgmiaakhjn nenveatlsi Ry tIemstreabsuand 0&ciadi ¢
| eaching trealAENYS. 0 éﬁ‘ IDBEEQEEE gt%c'tq{ebaéaeca%]lé}a@j% 1&8 an T ig

especially aggressive 0 nore u Iy Teact I'ng all oy
di scussed aB&¥E Pﬁfﬁéeéébéleyifrha&f thielprekthy PrEeEsds o#hemmalkilef mﬂf%ﬂ he

catal ytic materiadsof aBofielaseel br angds. ofTh@HQha'lqtofy‘Mﬁﬂflﬂcié’s beobaypd by
t heor it |sp55|bletht 15th|sfuel cell anode nction_of _the_instant
cat al ts vtic ox1 is most preferable that the leaching
process chemically converts at least about 50% of each of the
alloy particles to the catalytic oxide. In another
embodiment, the leaching conditions and/or the starting
materials may be chosen so that the Ileaching process
20 chemically converts at least about 75% of each of the alloy
particles to the catalytic oxide. Preferably, the leaching
process converts at least about 90% of each of the alloy
particles to the catalytic oxide.
It is also possible that the fuel cell function of the
25 instant catalyst be promoted by forming a catalyst which is
"compositionally graded". As used herein, compositional
grading refers to forming the catalyst so that there is a

continuous change (linear or non-linear) in some aspect of the

composition in a chosen direction. (Preferably, there is a
30 continuous increase or decrease in some aspect of the
composition) . For example, referring to Figure 4, the

catalyst incorporated into the anode 14 may be compositionally

graded so that there is an increase or decrease in the density
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assisted by deliberately | eaving a portion of the starting hydrogen
storage alloy it its netallic (unoxidized) state. Specifically, the

di ssoci atwon1oés2shie H2 gas reactant and subsequent reactiPem/usoi/bsshydr oxyl
ions fromthe electrolyte to 20 formwater with the release of an el ectron
according to the reaction equation: H2 (g) + 20H ----> 2HZ0 + 2e (3) may
be assistedddy e FoFpbUFrhg Subefedram dhe doydpegen+ipput. sideMd (3a)
2MH + 20H - adjaredM theHRYdroden( 8bmpavbRestt 12) nob ecnd a1 &yer Hi dis

W Lh the hydRodyl (THAERY o e AR s 1 s O SO it T | o8
W e hy " r r (s . 4 i 0s
of unoxi di zechtredtyat alilsoy ceatpersiiali onaldgt abybidedoxsde that behdeéeris nesl by

opt | mgzat | 0. EXREI TNt .l oS 1ROSSL o P IO Q1088246 PET/ USDIL 0BBGS to
produce a catalytic material having Such optimzed ratros y e
appr opri at e tdisoi bydsfogeme dnauti ngligdr ogéh- 8t or addiacenby the wdlydzmyarhe

appropri at e CheiGaMnc oMl t£9NEnkNeiBEL B Kol GaERI NG RV OCERS M3 tihe
treat the alloy. 5 _Hence, byﬁgtpproprl ately Selecting the appropriate
| eachi ng cofdifGrERs YR/ dre t IR 4Pt 31t d4tarting material, the |eaching

process may al sopaBkedusedistescheaieal iy LHORYI pdssdesia ed E@iﬁe&\tsﬁgﬁ)dﬁt
cach §f e RudtoRensteaac all oy parlicl sr o lne cat gl o e
peci f1 cal | n t on, P eF er'dbt e
that the | ea:q:lp’otxg: pnra;_,ces]sschemnpaiiby_ chivedtiesat p_[mmmm;t dilPhefdesach
o1 o) kR heR 0 HR LAl e g, ol e PR USSR
all oy parti ®eestgretiipg leaching process. The leaching material is
appropriately chosen to convert the starting hydrogen storage

15 alloy material to the desired support material. (Of course
mixtures of materials may also be formed - with or without
bxides). For example, a catalytic phosphide may be formed
comprising a finely divided metal particulate embedded in a
phosphide.

20 In an alternate embodiment of the invention, by
selecting the appropriate starting material as well as an
appropriate leaching process it 1is also possible extract
(i.e., dissolve out) substantially all of the soluble oxide
components of the starting material, leaving behind only the

25 small, catalytically active particles. These catalytically
active particles may be affixed to a support material or a
support structure. For example, they may be mixed with a
carbon support material. Alternately, they may be affixed to
a support structure such as a conductive grid. Also, they be

30 even be mixed together with a binder, such as PTFE, for
mechanical stability.

In the embodiments of the leaching processes described

above, the leaching process involved a chemical treatment of
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15 catalytic oxide. It is nost preferable that the | eaching process

chem cally converts at | east about 50% of each of the alloy particles to
t he cat alwyOiog/oeseisde. | n anot her enbodi ment, the | eachi ngpconsot/issns and/ or
the starting materials my be chosen so that the | eaching process 20

chem cally converts at |east about_75% of each of the alloy particles to
the catal yt iSCokVEgoIsreferEBoy, al hey| RAEReFHyg ot @y benyefesrad teaad

256 poss ble that the ool o i T unct i oo til‘%éﬁ%é’%ga%io‘aﬁ%rﬁ?' Pes e

al so possibl.e that the fuel ce nction o e i nstant catal yst be
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is a gonti -Line n_s :
corrposfipti on%#%l%;ieg}?%s@g%h& !rhgggiro (r%%‘ ?’grgje:%g%a%%o ther'e is°8 30 g%nlfl‘%ﬁ%oju%

i ncrease or SdéciEade iFPIRIEL aspecoxbfiiziiele conppenentn) ofFdheeedrime, to
referring toplligurh@sbedditre CRLRIMS o NEPTRAUALEHNLD LD & ANQIE SRELtCE be

conpositionally raded sq that there is an I ncrease or _decrease
density 28 f\%@‘bi—?’%@?&@mﬁ/ BSGEr08b65 051 defeaEat BeyRee - si t Bl s riorpe et

hydr ogen i npllecsirdeHemital 1yadsatentied hedudmgan Gamantd®nio Ird o t4e
the. Bt y o B e CaERRe P On A i e 954 AP TS Gl KR TS
decrease | nstlhr_ildansiiny ofntdyet catal pilectsbtaemf cail vt hﬁsﬁyfhé@?rereltidlguig{ de
(o ad adaRPifEll SREAITY SORPRL, BRE shehihe RiBeRedlc sl T ave.
it is also pessibbed ¢rf glahed lsdppdire “DBSwHadterdonpri ses material s ot her
than oxides. For pexanplige BWHECuSHRBE taitiVe Al 30 COOPLLSE G i B6S.£irst
phOS%@ des’f%%%h%g%?%b' a hydrogen absorbing alloy material with an
appropriate composition and then subjecting this alloy to a
leaching process having the appropriate leaching conditions
conditions (i.e., time of leaching as well as temperature and
PH of the leaching material), substantially the entire
20 starting alloy may be oxidized to form a highly catalytic
material comprising a nickel and/or nickel alloy particulate
embedded in an oxide support. Generally, by carefully
choosing the starting alloy as well as the leaching
conditions, this catalytic material may be designed to have
25 the desired catalytic, electrochemical, and physical
properties. As seen from the above discussion many different
properties may be modified. These properties include, but are
not limited to 1) the size, density, roughness and composition
of the catalytically active sites, 2) the composition of the
30 oxide support material, 3) crystal structure of the catalytic
sites, 4) composition of the oxide support, 5) the grain size
of the oxide support, 6) the surface area and porosity of the

oxide, 7) the permeability of the oxide to hydrogen gas and to
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of the all ojnedsndidi of dopectinvgd axgi bﬁ§r9g6n01©éﬁ0@@dt]ﬁﬁdm¥£ﬂ sbhubl )

oxi des fromdhedmterddlua ters hlie xiges argnf o et dyPe 6) a
15 barrier to the gas phase H, on one side of the anode and the
electrolyte on the other side. All of the aforementioned
properties are desirable properties for using the catalytic
material of the present invention as the active material for

a fuel cell anode.

20 It is noted that the catalytic materials of the present
invention may also include disordered catalytic materials.
Examples of disordered materials are provided in U.S. Patent
4,487,818, the contents of which are incorporated by
reference.

25

Generally, the catalytic material of the present
invention may be used as the active material for the anode of
any fuel cell. Examples of fuel cells include proton exchange
membrane fuel cells (PEM), alkaline fuel cells (AFC),

30 phosphoric acid fuel cells (PAFC), molten carbonate fuel cells
(MCFC), and solid oxide fuel cells (SOFC). In all cases,
while the electrolyte and sub-reactions can be different, the

basic point of H, gas dissociation to form water with release
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el ectrochem cally assisted |eaching is referred to herein as 10

"el ectrochem cal |eaching". The electrochem cal leaching is simlar in

concept twoeleet2zro©chem cally assisted etching (applying porarsvi/edses o

assi st the etching process) which is described in detail in the '088

Patent. From the di scussion above, it is seen that by first 15 fornulating

a hydrogen &fs&UEinedtal 178y ardtestiidie WV CaRmeRp idh GO onposi t i on and

Ithenh_subj ecti _ntg_ trih Snd Leﬂgbfaqm@nt!,eaﬁbi ?gt@19$@?5m@ﬁgfﬂgltﬁ@y?5wrmd e
eaching conditions, conditio i.e, i me_of | eachi S _we S

temper atur o LR SR TAAST DT HAE RGPS Obual: AR dHe s e 20

starting al laey dmwrbelroxi dyzed 6o &or aliahighl fueat akyjfli @0 natgmiales an

conprisi ng i Gk and/ igkel, al] rt LN, 3n.oxi de

cupport . | el 4 byt AR sRafiry 2 CorrtosiHg ¢HEELPLE, PRECEF oy the et

t he | eachi ngithiondi pponss noi-sceordatying matteiyt detwaerbéhgesighe 4 arithve

25 the desingd cat@lodd 6. €l 86LEQENER £obroRde PIY Sﬁﬁicaﬁﬁﬁféé&e&s AR
seen fromthe_abave di_scussion many different properties nay be nodified.

These propertiked ing UGSty b 4T f8t alikqiliae tael) aald si e gl 24
roughness a@@fmﬁmh 36té Qf%ncﬁicﬂihﬁé C@il@éwa:’@?|2§2)k_aéhiivani5iah©ﬁe a)ayteliefzz;B
conp tron.of the oXl su pOI’t nmat eri al , crysta tructure_of the
cot o Ol O IR HPERe £ Pt { AR nadt BTAE et ATI s 12
of the oxi decsgppees 6)cddimctinfacbateatand qroraos] tay catidire Iewiade,26B

t he perneabi| i f th i ydrogen gas and to 30 WO 01/ 068246
PCT/USOl/08§%%&%F§hf%1S%%%é%%?%f%%hﬁﬂéﬁé'ng, but not limted to, hydrogen

and hydroxyl ioA thyvdrausn Gasansd ed he Fdec amasige 26 anse ay dagan gas

storage all qy pashi e eRBVRRGAL H&i despy FUbbherm Eimddt | SheGRN friRM
t he aﬁfve di scussion, that 5 the catal¥}|c material of the present
i nventd on W&Vq§99ﬁ§rn§és is fed to the anode 24 +via the hydrogen

compartment 13, and the oxygen gas is fed to the cathode 26

via the oxygen/air compartment 17. The reactant gases diffuse

through the electrodes to react with the electrolyte 22 in the

presence of the catalyst to produce water, heat and
20 electricity. At the anode 24 the hydrogen is

electrochemically oxidized and give up electrons according to

the reaction:

H, (g) + 20H ---> 2H,0 + 2e” (4)

25 The electrons so generated are conducted from the anode 24
through an external circuit to the cathode 26. At the cathode
26 electrons are electrochemically combined with the oxidant
according to the reaction:

30 1/2 0, (g) + H,0 + 2 ---> 20H (5)

A flow of hydroxyl (OH ) ions through the electrolyte 22

completes the electrical circuit.
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to make it particularly well suited for use as the catalytically active
mat eri al for hydrogen consunption in a fuel cell anode. Specifically, the
catal yti cwoatieéd2aé may be forned so that it is 1) highlyPcatesbyoedses f or the
consunption 10 of nol ecul ar hydrogen, 2) electrically conductive for the
transport of electrons, 3) perneable to the diffusion and transport of
hydr ogen gas, 4) AerHeBiEad tHhe Eadssicdh ComPrisemsHoranede e edP as

hlydrogeln iomﬂgﬁgly@léo&ylbwmsctﬁ}e @abﬁeaat@ tzmt he diifdussd og @h}p@zs' igui d
el ectrol yte,, an a 15 rrier tot on on si.de o

anode and tﬁaﬁ% 1(.%1 r oFA%R h@r’otﬂgﬁ’ ‘g %ﬁ h@nﬁ S d o#f‘g%
properties Maimlngabte mxgaaretl és fihe usalnmg':let héayaraIZyLIB Ccinpatidesal tlod

the prgsent ;i o] v i a el I O I t
IS ngtegd t hat ‘%ﬂagltﬂca?g?ail%%cn%g% ‘?é ﬁl re?&ntﬁyl nv(eiiﬁt %03{%
i ncl ude di séW@é’rOé&'leﬁtCal ymarfeerrﬂa%]er |3a4=s E&larrpﬁﬁémﬁiedl So&r deér ewqmlfm S

are provi deghyidrdpnobiRatiferih148% Shtkr t henontantwe Ofa MY £ &£ nay be
i ncorporated by reference,. 25 Generally, the catalytic, materlal of the

present i nv&HIFHERY bWiGBed Hhe t hBYEEPPReDAst erfafe¥b?lt hé4anode dFe any
fuel cell. kEeagihes dzfllnye|a@EH/'é | nekedgapr ot3on exshangea MediIk f uet

(PAFcI0 ol AR PSR sTLAaaR shprEerkyarer ol R, piaRE, Fautf R FE e Tae
(SOFC). | n adoveasescrinkidl elébérethemioaytzeemmac&am iagnshe asubface
di ff

el ease 3100 8T TeER Rt Pea T UadtT Dats s i i anp 18 RO dfrabtidbic
envi r onnent Tadegoimios 4 ibﬁn@ﬁet@@béapﬁ@nlayem%%t@@g@tbem@@Wom@ema

used as network of channels through which reactant gases gain access

15 to the catalytic surface of the active material 32. 1In an

alternate embodiment, the hydrophobic material may be in the

form of a hydrophobic layer (rather than being intermixed with

the catalytic material). The hydrophobic layer may be placed

adjacent to a catalyst layer. The catalyst layer may be in

20 the form of catalytic material which is affixed to a
conductive substrate.

In another embodiment, the catalytically active material

of the present invention may be used as the active material

for the anode of a proton exchange member (PEM) fuel cell. A

25 PEM fuel cell is described in detail in U.S. Patent Number

5,234,777, the disclosure of which is incorporated herein by

reference. A PEM fuel cell uses a proton exchange membrane

(also known as a solid polymer electrolyte) to provide ion

exchange between the cathode and anode electrodes. The anode

30 and cathode electrochemical reactions for a proton exchange

membrane (PEM) fuel cell are as follows:

H, (g) —---> 2H' + 2e- (6)
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the active material for the anode of an al kaline fuel cell. As shown in
Figure 5, an alkaline fuel cell 20 conprises an 5 anode 24, a cathode 26
and an alweloifes2eé ectrol yte 22 held w thin a porous non- ®cmdset/o8ses mat ri x
bet ween the anode 24 and the cathode 26. Potassium hydroxide is typically
used as the alkaline electrolyte_in an alkaline fuel cell. The anode 24
conprises a conduct/idle Qubd@late 2HA antl afeancde1ayer24B 10 | ayef?)
supported on the substrate 24A. The cat hode 26 conprises a conductive
substrate 26A.and .a cat hode | ayer, 26B _s ort.on.the substrate 26A._ A
hydr ogen ga Jilgef‘élaetanf’ﬁ@ o8 gﬁgoﬁgﬁéﬂlﬁﬁs fued qoa%%llne
cat hode 26. rdendthieorentmdi aeREMS filoah, cehé alSsohydnvageresgashd sostiadh it o het
anode 24 vi & i pge Pt me a X g i t he
cat hode 26 ac\}'%g; he oxy &alcsgi r cldrrpgt_rotrlrrgne %%Mt ?ﬁggr é%g an?ﬁﬁaééég%*‘?%ise
through the ®lmsirtodds the Fegaétced i his momallajtachbyt pog2tinet hen preseere of
the catal ystif oy odiige Y@Ly ey eﬁ%c%@dﬁ@rﬁtiﬂé?'éﬁodétté hﬁaé"@&%@&et he
cor

hydrogen is electrochem cal|y oxidized and give up electrons, ac Ing to
the reactionttTHEORGFaptrgA thesadrphine sluek @elkvv%%eertb@rﬁohg Repative
gener at ed ariorcanskisied: f ianmchbe rarade R4 hidAsEi1 alogXtrebnlciHdodd ted o
the cat hode 26.. At the cathode 26 electrons are electrochem cally conbi ned
with the oxi®dd¥€ according to the reaction: 30 1/2 02 (g) + HO + 2e- --->
20H (5) A fl ow ofLithadridxy| afcly oBHnshehaditghihbe feledctaedllyt el ammoipl €f es
the electri | j 3 06 P 856 [ ssed,, the
anode 24 corcr%lrel gﬂeésb&:;gﬁkalno e1 aé;ltlaéro Zéjéébera]f%éxtla%p%rp%é%glnﬁ% |%€flls% cgttr(%it‘—’le
24A. Figureqpnguﬂ&ng substrate. However, in the case of the PEM fuel

cell, a hydrophobic material is not needed; hence, the anode

15 layer may simply consist of the instant catalytically active
material.

Relative comparisons of the efficiency of the present

invention super catalysts versus that of platinum and

' palladium have not yet been done. It fact, it is still within

20 the spirit and scope of the invention that even if worse than

platinum and/or palladium, they may still be better. This is

not only because these nickel catalysts are so much less

expensive on a relative basis than either platinum or

palladium, but also because the size and surface area can be

25 made much smaller/higher respectively. The oﬁerall

consequence is that the catalyst user has a higher available

concentration per unit area of the catalyst available compared

to either platinum or palladium. Further, the long term

benefits other than cost may be the ability of these "ultra

30 fine catalysts" to operate effectively in unusually hostile

(i.e., poisoning) environments without degradation.
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detail ed exanpl e of an enbodi nent of the anode | ayer 24B. Referring to
Figure 6, the anode | ayer 24B includes the 5 instant catal ytically active
mat eri al 80 oatneB2a6 pol yneric hydrophobic material 34. An exargsoe0s3hs a

pol ymeric hydrophobic material is PTFE. The active material 32 nay be
interm xed with the hydrophobic material 34. The catalytically active
mat eri al 32 BEx@mpd.ea Inetwork of 10 el ectrolyte-filled channels through the

anode | ayer 24B. tHhe tl@pé)ve_eggﬁﬁgéped_ael actdiechemgall reagkh-oas OCGHHERAL
the surface of the catalytically active particles. The (gor ous hydr ophobi c
materi al 34 USGHEEL A9 15 S8 Helyle 2 48CE6FeReFRENEEPE NEY L LMt Sihat Bf
channel s t hrdighcababhli egctat hgadsegegaignacebssrpbiba tde enkaldidrent
surfage of the act.ive .materljlalt:sﬁ In_an alterna&e egbodi nent ,. the .

hydr ophobi ¢ ‘MRt &™ My De'PR-tne ¥8r mSf 8" Rytrophdbic “}rr“g%f i atHer

t han bei ng intErty Xedohet h thislme % alvetrec migtest | ahdl. 18aclddy dimphobiaxcdwmyer
may be place duacﬁﬂiﬁ%'ﬁuxfn%cae,Cﬁsﬁ'tﬁ,chﬂ%ﬁgﬁgﬁga gﬁicg' ée(lsétéé‘i’efﬁoi‘@y B d N

20 the formof catalytic materi I xe conductTive

substrate. HfadafotRer PBAPeEL ReAtintha 280ampshcapidesceandecompagied oo t he

present inventianimebhectses s Ebenaghi ¥eehBi-8Hbabe1k0r R anNQde g
fuel cell. A 25 PEMfuel cel] is descrjhbed in

pr ot on, exchange nenber E [

Betaild in UGS P&@&PSNE%%G%F%&,?#??tm@edlr%c%%wrécaoww instckel

i ncor por at (edﬁﬁ&fdﬁdimé)ypoéﬁtﬁvleng@le%ﬁtmwéé,:Jelsepalhflatms aafdl otz0Nn3 exchange
menbr ane al-so. _kn as,a soli r electrolyte o praovide ion
exchange betev!?eeé:r%:ﬁ ¢ Cat ESdefoaﬁ{dlc%%o%gg@ég?iofees%ie%eﬁé%%dgejg“%a@é%ode
el ect rochembedlterdast.i ons for a proton exchange nmenbrane (PEM fuel cell

are as follows: WA Glyarogen 2Ekotagt 18by IO 008246,RGLLUSOHNR565

15 treatment of 60°C for five days. The surface of the activated
alloy comprises a metal particulate embedded in a porous metal
oxide. The oxide prevents further oxidation of the alloy and
the porosity in the oxide make it possible for both gas and
electrolyte to penetrate. The metal particulate, consisting

20 essentially of substantially pure metallic nickel and/or a
nickel alloy, contributes to the catalytic nature of the
surface.

The battery was charged under C/10 rate for 20 hours.
The cell voltage and the cell pressure were monitored during

25 the entire charge process (Figure 7). It is clear from Figure
7 that when the cell was charged close to its full capacity,
the cell voltage started to increase from the 1.4 volt plateau
to the 1.5 voltage'bvercharge plateau. The cell pressure also
increased from 0 PSI to 100 PSI. A small sample of gas was

30 withdrawn from the cell and the gas contents was determined by
gas chromatograghy (GC) to be 96% H,, 1% 0,, 2.5% N,, and 0.5%
CH,. There are two possible mechanisms for this hydrogen

domination phenomenon. The first one is the local heating of
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(1/2) &2 (g) + 2H+ + 2e- ----- > H20 (7) Like the anode reaction of the

al kaline fuel, the alkaline reaction for a PEM fuel cell also involves the
oxi dat i orwofo1/068286he hydr ogen gas fuel. For the PEM fuel ceCrjusptiesses
electrical circuit of the fuel cell is conpleted by positive ion novenent

in the formof a_hydrogen atomfromthe anode to the cathode (in contrast
to the al kalffife fErogdn W@ dherd 1y ndldt i @ i1 mdwEHaEen 19T or m

of a hydroxyﬂedomblfnra@ﬂcﬁlat ande déhydﬁda@ogartl ket t hecanedergbat haq kiald ne
fuel cell, t eéj%no t he PEM ueI al so canpri ses an anode | ayer

affixed to &5 i vé['hfuﬁﬁcr"é]t @r m§ T de e (HRYVSBERG Ut
cell, a hydrtin@hhbdroganegaalevcslumttom@@dt@crh,tllaéncta thdenagoidevd = leaytaroday

Si pl y5 consigst of ot hed nstankeat alyt LeakLY AShdieq MeLer aly R e

conpari sons 0 ctency o e pr Sht CYHVanti on Supér ¢
versus that eéﬁcﬁﬁé?ﬁ%lsﬁﬂr&m oysrichdingia-have not yet been done. |t fact it

s still within 2 ddecsnl £Lt1apsk SpAGRS HN20bBVERL| 0n Fhala %a@aalftyvorse

than platinum and/or paIIadlum they rmay still be better Is1Ts
onl'y becausétt f&se 1afdketd Jc%tamyghg Spénsﬁlﬁﬁh‘htl eeufigugakdrpe fox aflve

rel ati ve basiosirishan Ehéh@relm a&ww@r@r anfaldeadi Lﬁme&uﬁr@l FerbeeRiSe dhey
si ze d surface area.can na nmuch smal.l e L%]h r‘%i)espectl veI%el The

over al cofR98qhendd +89¢t H lsli hgeg éqlgys]?eﬁéai h r avat bl
concentr at i prepeurenivierdar éawaf firloen d&t0alPEst t@\/é.lelsa;bltélaanmamsct JIITO adduter

platinum or spall F her, I]ggg ne cQst, may
be the abili ?3’1 o?ﬂat)ﬁese cwf@%tr%a 3EH§| n ngg [9}%'% t%béégguge ef |8Ce y in
unusual | y h8sgieltave( E1@Ctr9@¢s@ﬁ1ﬂ@fg§t@ﬁ/4n®m¢t shei mbwaue@rménm o0f34
VO 01/06824§hgc¥&@§Q%kQ§5§§Jrage alloy acts as a catalyst effective to

15 facilitate the decomposition of molecular hydrogen into atomic
hydrogen. The atomic hydrogen is absorbed into the bulk of
the hydrogen storage alloy either under presence of hostile

gas species, such as oxygen and other carbon-containing gas.

20 Example 2
An identical NiMH battery as used in Example 1 was

charged and discharged 500 times. The heavily cycled battery
was then charged under C/10 rate for 20 hours. The cell
voltage and pressure were monitored during the entire charge
25 process (Figure 9). As shown in Figure 9, the cell pressure
increased from 0 PSI to 150 PSI. A small sample of gas was
withdrawn from the cell and the gas content determined by gas
chromatography (GC) was 96.3% H,, 0.4% 0,, and 3.3% N,. After
the cell was charged to 200% of its rated capacity, it was
30 left idle in the open-circuit configuration for five hours.
The cell voltage and pressure were monitored during this open
circuit period (Figure 10). The cell pressure decreased from
150 PSI to less than 80 PST in about five hours demonstrating
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Exanple 1 In this exanple, a nickel netal hydride (N VH) rechargeable
battery is chosen as the test bed to denonstrate the capability of

hydr ogen ya1atees pti on of the current 5 invention in a hesTrusel/gsss
environnment. Raw materials with purity higher than 99% were m xed and

| oaded in a vacuum induction furnace, nelted,_ and poured into a, steel

mol d. The 4GSt WASTHELFEK 348 FHESeE  26BeneshoBofet 2GR D Pt £PlRHR o

a netal subsio ake ke hoeAranyskeetrredeibel to ddEombeet re@erdfemega stk &S

the negative el ectrode in _conj.unctio ith njckel dr.oxi de positive

el ect rodes, 2&F4Fa PgenaW%h§%36Q¥i€r&£8Pe%?r%P§?£%?3 +abPi ta P hihl
seal ed Ni VHthec hydgeaisne statetger isdsloyTheatiepdiradgen storage al | oy was
activajed under gheal o154d ealfEnL 61q 006N ] ve; dayse,Ihe T fAce of
the activated alloy conprises a netal particulate enbé 2d Tn°% porous
metal oxi d&eIrFHE oxFdeopresened firt hbe oSduat icdn detahded! |agbedignentre
porosity ingdeQude fBke e PRasLBLE fOf Bakhrgassand1iel galr alodsrde
penetrate. The metal particulate, consisting 20 essentially_ of i

subst ant i al Fy-SFdPE YRS 81 Flie RN addiVEita O elel tArFo§UCRoheFR bR &% o

t he c?t al %B inﬁtl’latf(blr b_els_gfirlﬂ’iﬁiplﬁélfécaCas ﬁﬁ@niﬁﬁlﬁgelrtlz’h@/a%r@@arg@@bém@@ _@iﬂé)d
rate r .hours.. e ce ol.t age he ce ressure e noni tore
during 25 tlﬁlé’eélrsrrﬁotne #Eh&e %F&é%%éﬂd?gegﬁf’eeg?)ln |tﬁ"‘? sal%ﬁ%ﬁe\% (S EYJure 7
t hat when the cell was charged close to its full capacity, the cel
voltage started to increase fromthe 1.4 volt plateau to the 1.5 voltage
overcharge plateau. The cell pressure also increased fromO PSI to 100
PSI. A small sanple of gas was 30 withdrawn fromthe cell and the gas

contents was determ ned by gas chromatograghy (GC) to be 96% H2 1 1% 02,
2.5% N2, and 0.5% CH4. There are two possi bl e nechanisns for this hydrogen
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dom nati on phenonmenon. The first one is the | ocal heating of 35 WO

01/ 068246 PCT/ USOL/ 08565 t he hydrogen storage all oy due to the

hydr ogen-woywgee8246 econbi nat i on and dehydri de part of the ebargpedosseyati ve
el ectrode. The second possible nmechanismis the lowering in the hydrogen
gas evolution patential in the negative electrode 5 due to the presence of
oxygen evol V&d 94%df t he positive electrode during overcharge. After the
cell was charged & @=2Q0%f lidckimdt @datapasi bid phllu@suhef taidl Eatan e
open-circui&xgontkggiajion for five hours. The cell voltage and cel
pressure wer® Wonitored 10 again during this resting period (Figure 8). The
cell pressure wentmdbah foeernit@d RS havimssat hrtAdCIRS| sincaless fhawe
hour s fgue t 985, tion into the negative el ectrode
dennnéfrati%§£$ﬁﬁpxgﬁe g%%lvafgg%ggfface of the hydrogen storage all oy
acts as a catal yst s8fgrxitve to 15 facilitate the deconposition of

nol ecul ar hydrogen into atom c hydrogen. The atom ¢ hydrogen is absorbed
into the bulk of _the hydrogen storage allqy either under presence of
hostile ga< 'spe&b&,casttﬁzlﬁfsg's Dxyyeitant e darti G lE friREYydes 20
Exanpl e 2 Apdrdedliecalidd M$ badderahas disac i70 Bxaygdeods was  charged and
dischﬂfged 500 tinmes. The heavily cycled battery was then charged under
C/ 10 rate for 20 hours. The cell voltage and pressure were nonitored
during the éntir&hcharags 126 tpralt esksa ik gunéghYeissashdwer i qilpke 185s tde
C.6| | pressurg .4 '%(ireeaﬁsj]% f Sifeln (8,0 1P(§Iancf‘m 5'5@%96818;01@_8 was
w t hdrawn f onlfhe ce and the gas content determned by gas

chromat ography (GC) was 96. 3% H21 0.4% 02, and 3.3% N2. After the cell was
charged to 200% afhd t&tated cpacidin 1! waseSG |efig igheifiidee nas a

open-gGircuit configuration fqr five haqurs.
P fg parglcf% gaze is(%etween about 10 and about 40 Angstroms.

5. The catalyst of claim 1, wherein said particulate has a

particle size is between about 10 and about 30 Angstroms.

20 6. The catalyst of claim 1, wherein said particulate has a

particle size i1s between about 10 and about 20 Angstroms.

25 7. The catalyst of claim 1, wherein said metal particulate
is between about .0001% to about 99% by weight of said
catalyst.

8. The catalyst of claim 1, wherein said particulate has a
30 particle proximity between about 2 Angstroms and about 300

Angstroms.

9. The catalyst of claim 1, wherein said particulate
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The cell voltage and pressure were nonitored during this open circuit
period (Figure 10) . The cell pressure decreased from 150 PSI to | ess than
80 PSI i rwabowss2fié ve hours denonstrating 36 WO 01/ 068246 PPTUSUBKESD8565
that, even after 315 cycles, the alloy surface was still able to act as a
catal yst effective to deconpose hydrogen gas into atom c hydrogen which
coul d then FEMRFEGTeRh MPithemumetstl sHeahrd dgeam sihy ot Imickel,
material. 5add insdkebeungder stood that the disclosure set forth hereinis
presented in the formof detail ed enbodi mrents described for the purpose of
making a full and conplete disclosure of the present invention, and that
such det ai | 40ar e Theot dadaligrsitnt eifpr elLetimasl ) | mitersid hesdidie woapeufatdi s

10 inentio set_ f - fi i-n._the ed cl aj

01/ 065246 PETT OB HFOSEEE L e Aaith o TR SRt e 10 B AR e

pal | adi um saEicduc avigihesh, aswhpriciadgaldawtal particul ate having a particle
size less than 5 about 100 Angstrons; and a support. 2. The catal yst of
claim1l1l, wherein said particulate has a particle size is |ess than about
70 Angstrongl-10 The TRetedvalysef ofci@id nP1, WiRfreim saild paickedl e das a
p?rt: cle ii Z,ﬁhrd;ﬁ:i_lﬁsf\e_@ﬁ am@astho@@d he&@ﬁi@ntigsémﬁﬁﬁzélaﬁﬁfrém _Tﬂeeb Cradust

of ¢ m1, er.ein said. particul at a_, ticle size is between
aboutﬁlo an§CREIG A s%t’]mmdjo’ .Senl’hg&catT%'yﬁ%ad{)fFecl aim1, wherein said
particulate has a particle size is between about 10 and about 30

Angstrons. 12. The catalyst of claim 9, wherein said nickel alloy
comprises at least one element selected from the group

consisting of Al, Co, Sn, Mn, and Ti.

15
13. The catalyst of claim 9, wherein said nickel alloy is an
alloy selected from the group consisting of NiMn alloy, NiCoAl
alloy, NiCoMnTi alloy, and NiCoMnFe alloy.
20
14. The catalyst of claim 9, wherein said nickel alloy has an
fcc crystal orientation.
15. The catalyst of claim 1, wherein said support comprises
25 at least one inorganic oxide.
16. The catalyst of claim 1, wherein said support comprises
at least one metal oxide.
30 17. The catalyst of claim 16, wherein said at least one metal

oxide comprises at least one element selected from the group
consisting of Ni, Co, Mn, Ti, %r, Fe, and the rare earth

elements.
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20 6. The catalyst of claim1, wherein said particulate has a particle
size is between about 10 and about 20 Angstronms. 25 7. The catal yst of
claiml, wbeneész4cai d nmetal particulate is between about PCOOGLLO%565 about
99% by wei ght of said catalyst. 8. The catalyst of claim1l, wherein said
particulate has a 30 particle proximty between about 2 Angstroms and
about 300 Amfgst Toescagalyne edtalybn ©f, shanain satier atnleasl ¢ae tighidlat e
38 WO 01/ 063246 Pl L3568 1@%9%%8 o@hd@@l@@@e@ef@bmsﬁhécfﬁﬁx%ﬁﬂ om

t he group nickel and nickel all oy. .. The ¢ st of claim]l, rein
said parti c GORSE St NG Rt sPergeBeREi ﬁxllﬁeof I c ai?ee]aslf‘a’aﬂ@nﬁ%?aloz"slgeectaétﬁ
fromthe giduputicekalheratd .ni ckel alloy. 11. The catal yst of claim9,
wherein said nickel alloy conprises at |east one elenent selected fromthe
group ~ 10 consisting of Al, Co, Sn, Wi, Ti, and Fe. 12. The catal yst of
claim9, wherein said nickel alloy conprises at |east one el enent sel ected
fromthe grqup &Rs f Iy st

of claim9, g%/herel rrlé lgglttgri%sgkeﬁl ajf%ri} % g}rs':%r oi-gse égt %%a?ggﬁ%ﬁ%&gér/loup
consi sting GFigeVdsaudEivglesM- al i oy, N CowhTi alloy, and N CoMhFe
alloy. 20 14. The catalyst of claim9, wherein said nickel alloy has an

fcc cr stal r|en ion. 15, The cat al f claiml, wherein said support
corrpr1i es T}&"ﬁagf’l Carst tFJ o%s 'dé"%eféﬂnl'ﬁé‘l@aﬁél ;%?SBfOIE:eF Hshe
wher ei n sal@xﬁ@pp@bhm&dﬁﬁﬁ!%ﬁﬁox1de of Mn, Ni, Co, and Ti.

21. The catalyst of claim 16, wherein said at least one metal

oxide comprises an oxide of Mn, Ni, Co, Ti, and Fe.

15
22. The catalyst of claim 16, wherein said at least one metal
oxide comprises an oxide of Mn, Co, and Ti.
23. The catalyst of claim 16, wherein said at least one metal

20 oxide comprises fine grained oxides and course grained oxides.
24. The catalyst of claim 16, wherein said at least one metal
oxide is microcrystalline.

25 25. The catalyst of claim 1, wherein said support comprises
carbon.
26. The catalyst of claim 1, further comprising zeolite.

30

27. The catalyst of claim 1, wherein said catalyst is

compositionally graded within said support.
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at | east one netal oxide. 30 17. The catal yst of claim 16, wherein said at
| east one netal oxide conprises at | east one elenent selected fromthe
group coweiosiesrge of Ni, Co, Mr, Ti, Zr, Fe, and the rarePeanshr/ossb&nments.
39 WD 01/ 068246 PCT/ US01/ 08565 18. The catal yst of claim 16, wherein said
at | east one netal oxide conprises at |east_one oxide selected fromthe
group consi8ti ngh6f FRFREYES e CdxiHE i tkehPEfdEn TRl dxPAELIgHAA LRI ¥ur es
thereof. 5 9bsthetrqatialyshiForedld RikEr it nisaditud eastd ipgmial
oxide is multivalent. 10 20. The catal yst of claim 16, wherein said at
| east one nmetal oxide conprises an oxide of Mh, Ni, Co, and Ti. 21. The
cat al yst of 26l.ai MhE6 canhéyeitnosactlaan 1 easihenaen nedadl cavaes € anprices=dn
oxi de gof M i, N 5 . cat . of Gl ai ; j n
oai d & 1 oal¥ sy e bddt L enediifi 8 B¥Eiofy of Bl Kol 3
The cat al yshyefrogeai mtpgadgshérdion .sai d at | east one netal 20 oxide
conprises fine grained oxides and course grained oxides. 24. The catal yst
of claim 16, wherein said at |east, gne netal oxide is mcrocrystalline. 25
25. The cat dlyst RofatPadVsty, SAMBEiSiTHi d support conprises carbon. 26.
The catal yst of el ahfickelf Ush8@brCOAPEkELNYaZEOY | tart BOuLdte Thea ARl Yot
of CUp ™ 1oueneht 530d £2LE!Meln 'S iOTRAS hhoBRELEY, 9L 208 % DY LS
lacking platinum and palladium; and

a support.

31. The catalyst of claim 30, wherein said particulate has a

15 particle size is less than 70 Angstroms.

32. The catalyst of claim 30, wherein said particulate has a

particle size is between about 10 and about 50 Angstroms.

20 33. The catalyst of claim 30, wherein said particulate has a

particle size is between about 10 and about 40 Angstroms.

34. The catalyst of claim 30, wherein said particulate has a

particle size is between about 10 and about 30 Angstroms.

25
35. The catalyst of claim 30, wherein said particulate has a
particle size is between about 10 and about 20 Angstroms.
36. The catalyst of claim 30, wherein said particulate is
30 about .0001% to about 99% by weight of said catalyst.

37. The catalyst of claim 30, wherein said particulate has a

particle proximity between about 2 Angstroms and about 300
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WO 01/ 068246 PCT/ US01/ 08565 28. The catal yst of claim1, wherein said
particulate is substantially uniformy distributed throughout said
support. wb31/0d%2e6 cat al yst of claim1l, wherein said catal psu/ussréssedred 5 by
| eaching at | east a substantial portion of the bulk of a hydrogen storage
alloy. 30. A catalyst, conprising: a nickel and/or nickel alloy particulate
having a 1@0HE%HM% size | ess than about 100 Angstroms, said nickel alloy
| acki ng pl ati num and pall adium and a support. 31. The catalyst of claim

30, wherein artic e . has,a .15 p size is |

Angstrons. B THIR AP RFPLVEGT X aFHR3B. ver MARTEATd ST BAFRES 1Ll
particle si ze:mm:b&tsmem abea’sthomemd dlroadn S50 s&i@s:ttre@rrsfra& 38he Theroup
cat al st  of d rth.culat e E§§ particle size is
bet vvee§n abouciar%o1 Sbout %1]0 A?lég’st%rrsm? r% catal yst of claim 30,

wherein said parti cuI ate has a particle size is between about 10 and about

30 Angstromgg 25 dp dBeatdkal Yot efla¢haiin 30wneberal nsSal dn@%kﬁenc%ﬁi@y has
a particle size js betweeh about 10 and about 20 Angstromns.

catal yst of SAHTHIRE irer ePRSEa] ﬂn‘ﬁar%}r%ﬂﬁ%tfe%e&%%oéffomooéﬁ% t%r‘&b%ut
99% by wei gltornfi Sdiirdy cat allystco 37%n,Theér catmid ysi. of claim 30, wherein said
partiﬁl ate has a particle proximty between about 2 Angstrons and about
300 WO 01/ 068246 PCT/ US01/ 08565 Angstrons. 38. The catal yst of claim
30, wherein said nickel alloy conprises at |east one elenent selected from
the group 5 consisting of Al, Co, Sn, M, Ti, and Fe.

40. The catalyst of claim 30, wherein said nickel alloy is an

alloy selected from the group consisting of NiMn alloy, NiCoAl

15 alloy, NiCoMnTi alloy, and NiCoMnFe alloy.

41. The catalyst of claim 30, wherein said nickel alloy has

an fcc crystal orientation.

20 42. The catalyst of claim 30, wherein said support comprises

at least one inorganic oxide.

43. The catalyst of claim 30, wherein said support comprises

at least one metal oxide.

25
44. The catalytic material of claim 43, wherein said at least
' one metal oxide comprises at least one element selected from
the group consisting of Ni, Co, Mn, Ti, Zr, Fe, and the rare
earth elements.
30

45. The catalytic material of claim 43, wherein said at least

one metal oxide comprises an oxide of Mn.
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39. The catal yst of claim 30, wherein said nickel alloy conprises at |east
one el enent selected fromthe group consisting of Al, Co, Sn, M, and Ti.
10 40. Thwooawved2yet of claim 30, wherein said nickel allopcCirassancsses | oy
selected fromthe gr oup consisting of Ni Mh alloy, N CoAl 15 all oy,

Ni ComnTi all oy, a Ni CovhFe al | o 41. The catal yst, of claim 30, wherein
sai d ni ckel 4aﬂy'l ofr}}%sca"é‘r}yfs& oy 91?&1“ 3 i afheKsioh szid 25 1?ﬁ§tc‘a’{lﬁl%¥a%f
cl ai m 30, wherieien i isgppEt @O | SR atarddld@ast. one i norgani c oxi de. 43.
The catal yst of claim 30, wherein said support conprises at |east one
metal oxide. 25 44. The catalytic material of claim43, wherein said at

|l east one rétal The detedymt séschainedst wrerairemeid sel tetstd dnemetdie

group £onsi sk oy L %\41,0};1'1 e%ﬁfgﬁ \mnd dde L ep; earth el enents.

30 45. The catalytic rrat eria ai m drein sard at | east one netal
oxi de conprises an oxide of M. 42 WO 01/068246 PCT/ US01/ 08565 46. The

cat al yst of 4y ai mﬂrfle’ﬂcawf&q%(@tnoiab@a@ﬁl was&hé&r&r{r%taald a®Xi @8 s EOHRE IS BN
oxi de of Mh, and Ni he cat %/ %fMC aim 43, wherein sal d at | east

one metal  BXPHUETEIIS SR vh NiNi Co, TlandTd Fai8. The

cat al yst of claim43, wherein said at |east one netal oxide corrprl ses an

oxi d , F 0.49, . The cat.al yst f . clai n
sai de]a I eas4t oneT%?réet altalafx%de%c%%%%wséle% e‘{%‘ t %8 m&n‘?f‘@n %ﬁ%{
The cat al ystoxsfde lcaimmtizsesprar aixidmiaf afn,| €ast aorcb Thiet al

50. The catalyst of claim 43, wherein said at least one metal

oxide comprises fine-grained oxides and course-grained oxides.
15

51. The catalyst of claim 30, wherein said support material

comprises carbon.

52. The catalyst of claim 30, further comprising zeolite.
20
53. The catalyst of claim 30, wherein the density of said

particulate is graded within support.
54. The catalyst of claim 30, wherein said particulate is

25 substantially uniformly distributed throughout said support.

55. The catalyst of claim 30, wherein said catalyst is
formed by leaching at least a substantial portion of the

30 bulk of a hydrogen storage alloy.

56. A method for making a catalyst, comprising the steps
of:
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oxi de conprises fine-grained oxides and course-grained oxides. 15 51. The
catal yst of claim 30, wherein said support material conprises carbon. 52.
The cat alwyeto10682¢4 ai m 30, further conprising zeolite. 20Pg&3/USIhEss6at al yst
of claim 30, wherein the density of said particulate is graded within
support. 54. The catalyst of claim 30, wherein_said particulate is 25
substanti al | y urP¥eyhfingi athygueeant sEetadsudlsavd BPport. 55. The

catal yst of clai ﬂéé@hiﬂ?eéei N eS@icd aC atidrMisti dait fgyweibrbyo f eaedi Bg1Rt olfeast
a substantial, or{' on of the 30 bulk of a hydrogen storage alloy. 56. A
met hod for H&kY ng-a®€atal yst, conprising the steps of: 43 WO 01/ 068246
PCT/ US01/ 08565 providing a hydrogen storage alloy; and | eaching at |east a

signi ki cant_portion of .the. bulk . sai=¢ al 57,_.:The t f im
56, \Aéer ei n52ai drhil%ac e|tr%qgoc—i,~:t é% égj:')arlrjblﬁi s'r’%s thfezgg?jg% osfajl(ie]a&%n%ﬁg}gol é’g%@
10, 000 Angstommsinés thedsakpopf F@achHagrstthodast ¢l @i MW G6AnghAbrend 9Fi d
| eaching stg -dlglfﬁgpri ses the step of leaching at | east 10% of said
alloy. 59. e nmethod of claimb56, wherein said | eaching step conprises
the step of |eaching substantially all of said alloy. 15 60.. The nethod

of cl ai m 565gwWhetren n&dibd eaghi dpasheB 6, coppelses tdiel &t aRarfhicenverkbng

oo el LonBtidE8otn8 S fRbE 120AEREPhELLEM 1BE BEOUR:EO0THRY MY O

59. The method of claim 56, wherein said leaching step
comprises the step of leaching substantially all of said
alloy.
15

60.. The method of claim 56, wherein said leaching step
comprises the step of converting said alloy to at least one
material selected from the group consisting of oxides,
phosphides, chlorides, silicides, carbides, sulfides, and

20 mixtures thereof.

61. The method of claim 56, wherein said leaching step
comprises the step of oxidizing said alloy.
25
62. The method of claim 56, wherein said leaching step
comprises the step of:
contacting said hydrogen storage alloy with an alkaline
material.
30
63. The method of claim 56, wherein said leaching step
comprises the step of:
contacting said hydrogen storage alloy with an acidic
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phosphi des, chlorides, silicides, carbides, sulfides, and 20 m xtures
thereof. 61. The nethod of claim56, wherein said | eaching step conprises
the step wbhoonsstiei ng said alloy. 25 62. The nethod of cl ®CmB61/08sher ei n
said | eaching step conprises the step of: contacting said hydrogen storage
alloy with an alkaline material. 30 63. The nethod of claimb56, wherein
said | eachimgtstrépl-conprises the step of: contacting said hydrogen storage
alloy with an acidic 44 WO 01/ 068246 PCT/U801/08565 material . 64. The

t hod of cl 56, wh h t h i f.
nﬁntgct?ngcéglglﬁ ﬁrdﬁgéﬁlgofgg igﬁﬁy t h", EﬁrﬁFQgP%%igsﬂéFgﬁiﬁf %

contacting aamﬁrhydsogﬁe stepagefal |loy with an acidic material. 10 65. The

nmet hod of cl ai m 56 rein_said,| g A he_s
altergatlngly coﬁ?gg?lﬁ NgaPg Ry 8%8%e§t8?§§§gglgqa kf%&t% a%ﬁ%gﬂ§€§
aci di ¢ nat emdbksialb aﬁd The nethod of claim62, wherein said al kaline

material conpri é?ﬁtéeti‘h@aléa raetﬁydmgéﬂxg%ragé am%mmg gh @laiandos,
wherein said al kal1 neta J?OX|de IS selected fromthe group consisting
of potassi UBRt2B1AYdr oxi de, sodlun1hydrOX|de | it hi um hydroxi de, and

m xtures thereof.
10 65. The method of claim 56, wherein said leaching step
comprises the step of:
alternatingly contacting said hydrogen storage alloy with

alkaline and acidic materials.

15 66. The method of claim 62, wherein said alkaline material

comprises an alkali metal hydroxide.

67. The method of claim 66, wherein said alkali metal
hydroxide is selected from the group consisting of potassium

20 lhydroxide, sodium hydroxide, lithium hydroxide, and mixtures
thereof.

68. The method of claim 63, wherein said acidic material
comprises an acid selected from the group consisting of HF,

25 HCl, HNO,, H,S0,, and mixtures thereof.

69. The method of claim 56, wherein said leaching step is

chemical leaching.

30 70. The method of claim 56, wherein said leaching step is

electrochemical leaching.

71. A catalyst comprising a metal particulate and a support,
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68. The nethod of claim63, wherein said acidic material conprises an acid
sel ected fromthe group consisting of HF, 25 HCl, HNG3, H2SO4, and

m Xt ur es Wbhenmeef246 69. The net hod of claim56, wherein sai @Ciramsohdssgs step i s
chem cal |eaching. 30 70. The net hod of cI aim 56, wherein said |eaching
step is electrochemcal |eachin A catal yst conprising a netal

particul at e ¥HtF aC3LPPYEE, chaga ee}/zeésm remysterogdedy sH@t? RRPEPSSt
char act eri zegbrgyr fieimg ﬁmf mpbmt DeaBhoegsst 1GQMBY isSkAgntiFe cehePpettion

| eachi ng at 'ﬁaéh 3?%4 ortion of the ﬁul k of a hydrogen storage
alloy. 5 72.° T 13 st o‘7fl AR, SHHEALT P 5aP¥- | eachi ng step
conprises the step of | eachi ng at - Ieast 10, 000 Angstronms of said hydrogen
storage alloy. 10 73. The catalyst of claim71, wherein said |eaching step

conprises the step of |eaching at |east 10% of said hydrogen st orage
al loy. 74. The. cdthe yseteflystaiah 7¢lawneféi n Warelrashidg lsteehinb step

comprises the,glepsof tgaching %‘ﬂbite%'&h'lﬁb' Yt2hle Lt S o dVAKQIERLRS 05 g€

alloy. 75. The catalyst of claim?7 wheréin said | eaching step conprises
the step of %%H@é?%@?@ﬂ%%J%t@ﬁﬁﬁ%mﬁ%ﬂ%Yorage alloy 20 to at |east one
naterial selected fromthe group con5|st|ng of oxi des, phosphides

chlor 76. The

i CI S i des m Xt ures, r eof
AR Iveadiy E Rl - (8- FNEY T TR ATt v en i Phil v R SR
size | ess thaoqnﬁzﬂﬂsé!mgtslheoensepﬁf Tdeclobia@l gist ledscl B0 c7ﬂ sahérleydrsaéen
metal parti cﬂ&l;ge Cagi’!f)él ses ni ckel and/or nickel alloy.

74. The catalyst of claim 71, wherein said leaching step
15 comprises the step of leaching substantially all of said

hydrogen storage alloy.

75. The catalyst of claim 71, wherein said leaching step
comprises the step of converting said hydrogen storage alloy
20 to at least one material selected from the group consisting of
oxides, phosphides, chlorides, silicides, carbides, sulfides,

and mixtures thereof.

76. The catalyst of claim 71, wherein said metal particulate

25 has a particle size less than 100 Angstroms.

77. The catalyst of claim 71, wherein said metal particulate

comprises nickel and/or nickel alloy.

30 78. The catalyst of claim 71, wherein said oxide is an

inorganic oxide.

79. The catalyst of claim 71, wherein said oxide is metal
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30 78. The catalyst of claim71, wherein said oxide is an inorganic oxide.
79. The catalyst of claim 71, wherein said oxide is netal 46 WO 01/ 068246
PCT/ US01/WB%65682exi de. 80. A fuel cell, conprising: an an®d@/usavissgs a

catal yst lacking platinumand 5 palladium said catalyst conprising: a
metal particulate having a particle size |less then about 100 Angstons, and
a support; RXIPE- The fuel cell of claim80, further conprising:. a

cat hode; and an electrolyte. 82. The fuel cell of claim80, wherein said

el ectrol yte85015 conprises an al kaline material. 83. The fuel cell of claim
80, wherein %hid% ﬁd? i PMRMiFO y distributed thoughout said
support. 20 84. B faebddeel havingl abm 8Bralhstei naxdiichgparglsdulratre iasnd

gradedsvvithi 1&%&&&2?%5%%%earﬁ,géjeéongp%il 1 gom)ri si ng: an anode having a

cat al yst conpri’sing: and/or nickel” al l oy particulate having a
particle size |ess thanmeiaudt p200isngsteonevingial pairdkelleabiay 1eagkimen

pl ati num and;Rald ati URnANRs support; 30 86. The fuel cell of claim 85,
further conprising: a cathode; and an electrolyte. 47 WD 01/ 068246

PCT/ US01/ 08565 and a support;

10 81. The fuel cell of claim 80, further comprising:
a cathode; and

an electrolyte.

82. The fuel cell of claim 80, wherein said electrolyte

15 comprises an alkaline material.

83. The fuel cell of claim 80, wherein said particulate is

uniformly distributed thoughout said support.

20 84. The fuel cell of claim 80, wherein said particulate is

graded within said support.

85. A fuel cell, comprising:
an anode having a catalyst comprising:
25 a nickel and/or nickel alloy particulate having a
particle size less than about 100 Angstroms, said nickel alloy
lacking platinum and palladium,

and a support;
30 86. The fuel cell of claim 85, further comprising:

a cathode; and

an electrolyte.
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87. The fuel cell of claim85, wherein said electrolyte conprises an

al kaline material. 88. The fuel cell of claim85, wherein said particul ate
is 5 uniworomoys2dé stri buted thoughout said support. 89. TireTfusel/ossed | of
claim85, wherein said particulate is graded within said support. 10 48

87. The fuel cell of claim 85, wherein said electrolyte

comprises an alkaline material.

88. The fuel cell of claim 85, wherein said particulate is

5 uniformly distributed thoughout said support.

89. The fuel cell of claim 85, wherein said particulate is

graded within said support.

10
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