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Field of the Invention The instant invention rel ates
generally to nickel-netal hydride batteries and 5 nor e

specifically to high power nickeiekicéfthelmdentien batteries useful for
electric _ vehicles and hybrid electric vehicles. The batteries

i ncl'ude el ect rBaeinstantinvention relates genarally tamickel-metal iydrde batleries ang r ent

|| ecti bJ t t i ' . . [ fj
co' | oot Hhobd BpabiicblE I 5 e BRERG nurce banendd isGRF b W,
aut onot i \@Higes eand dRRIdC arewic fV@hiolesli cTRe Walfdiftles MRS elddirdde® which
past, been directed primaril é at the requirenent of a true electric:

vehi cl e. €roplayi substrateswrthe ced;tcumeot collecting sapabilities therabytineneasing
devel op { tea t Ener.g Devices, Inc. and Ovonic
Batteryngﬁ Bwﬁﬁg’é é‘ecﬁgﬁg'é%nces i n nickel- 15 net al "hydri de

battery technol ogy. Initially Ovshinsky and his teans
focused on nmetal hydride al [ Oé: that form t he negative
el'ectrode. As a result of theBackgmosndsof thedpvemtien able to greatly.
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t gi | ori ngmieksl hydritle baterycRichabibyly. and hence

initially Ovehinsky and his teams focused on metal hydride alloys that form
the negative electrode. As a result of their efforts, they were able to greatly
increase the reversible hydrogen storage characteristics required for efficient and
economicatl battery applications, and produce batteries capable of high density
) energy storage, efficient reversibility, high electrical efficiency, efficient bulk
hydrogen storage without structural changes or coisoning, long cycle life, and
repeated deep discharge. The improved characteristics of these "Ovonic" alloys,
as they are now called, results from tailoring the local chemical order and hence
the local structural order by the incorporation of selected modifier elements into a

(9 1)

host matrix. Disordered metal hydride alloys have a substantially increased density
of catalytically active sites and storage sites compared to single or multi-phase
crystalline materials. These additional sites are responsible forimproved efficiency
of electrochemical charging/discharging and an increase in electrical energy
storage capacity. The nature and number of storage sites can even be designed
) independently of the catalytically active sites. More specifically, these alloys are
tailored to allow bulk storage of the dissociated hydrogen atoms at bonding
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the local structural order by the incorporation of selected nodifier

el €ment SYOIBB4Z8825 host matrix. Di sordered netal hydringss®ldys have
a substantially increased density of catalytically active'sites
and storage sites conpared to single or, multi-phase crystall'ine
materials. These additional sites are rzesponsi-bl e for inproved efficiency
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ener gy rage capaci ure and nunber of storage Sites
can evenapplicatiorged 30 i ndependently of the catalytically active

sites. More specifically, these alloys are tailored to all ow
bul k storage (ﬁomﬁ@xﬁ‘ﬁg@tPgthQ%WqPQSBﬁS‘P@SS materials were
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st rengt  Diiated, baged on the disordered materials described above. These are lhe Naary

battery V-Zr-Nitype aetiye mateériale such as disclosed in U.S. PalentNex4 /5510400 ¢tihe ci ent
el ectrochem cal hydrogen storage materials we

f | ated,
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based _ _ i _ SR
4 561 ol Pieoppdratéd By rferéics il matbigis tafersisly o nidiges inbrder to

Venkat esatoret inardgen) ¢duthe métesals bsed in the '400 Patentatilizeca geeearioyTi-V-Ni

reference. These materials reyersibly formhydrides in order . to, |
store hy&PERASIGY. Where atisastiTa ‘ﬂl‘ﬁu' e presenkand MAaKhe nmq'fi%w'ta Gfeneric

Ti - V- N o ._ . _ )
and oy G S04, TYROREs Of jna'a0bPalsnt 87 Inulfipnae Materlls ificRas ]
' 400 Pat eontaincbutiate pbtlimitedtto; oné ar mbrec phasgs with C,, and Coptyps arystalt are

not limted EOH one or nore phases with Clerr] and C[err] type crystal
st ruct ur Suciures. Cther Ti-V-Zr-Ni alloys are al so used for

rechargeabl e hyfHepoRivFrNicalfdys are also used for rechargeable hydrogen storage

| negative electrodes. One such family of materials are those described in U.S.

Patent No. 4,728,586 ("the '586 Patent") to Venkatesan, Reichman, and Fetcenko,

the disclosure of which is incorporated by reference. The '586 Patent describes

a specific sub-class of these Til-V-Ni-ZI" alloys comprising Ti, V, Zr, Ni, and a fifth

component, Cr. The '686 Patent, mentions the possibility of additives and

modifiers beyond the Ti, V, Zr, Ni, and Cr components of the alloys, and generally

j discuéses specific additives and modifiers, the amounts and interactions of these
modifiers, and the particular benefits that could be expected from them.

In contrast to the Ovonic alloys described above, the older alloys were
generally considered "ordered" materials that had different chemistry,
microstructure, and electrochemical characteristics. The performance of the early .

5 ordered materials was poor, but in the early 1980's, as the degree of modification
increased (that is as the number and amount of elemental modifiers increased),
their performance began to improve significantly. This is due as much to the
disorder contributed by the modifiers as it is to their electrical and chemical
propérti_es. This evolution of alloys from a specific class of "ordered" materials to

) ~ the current multicomponent, multiphase "disordered" alloys is shown in the
following patents: (i) U.S. Patent No. 3,874,928; (ii) U.S. Patent No. 4,214,043; (iii) .

U.S. Patent No. 4,107,395; (iv) U.S. Patent No. 4,107,405; (v) U.S. Patent No.
I S
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negatlve el ectjzgg One such famly of materi als are those described in
tent

US 15 W No. 4,728,586 ("the '586 Patent") to

Rei chnman, and Fet cenko, t he di sclosure of which is incorporated
by reference. The '586 Patent describes3 a specific-sub-class of
these Ti-V-Ni-Zr alloys conprising Ti, V, Zr, N, and a fifth

conponentd, 12,1985 ivi) B RateptiNo. 425,688 (Wih . HoRslent No, ¢,21F4,043 (tvm)é.kSand
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be expect ed fromthem In co the Ovoni'c alloys
descri bed Theseseferences aes discussad extepsively in U.S. Pa@pntddal.‘.’t 096667 and this

mofg(rjg;te?ﬂgﬁ‘lt' '6rih%sé$§@f:$‘ gwgh}é%rﬁ?%*ggggf%ﬂ‘gé cs. The performance of the
early 25 S%ﬂ?rﬁdtéﬂitlﬁralﬁkﬁeféﬁﬁ 886 a IB?E 93 ﬁﬁedéﬁf%]é’ o%?ﬁngdﬁcaﬂént he

degree of nodificaiion rease that 1s as“the nunber and
amount ofinereases: the nigde fafethe initialynordgred base alloy is fofi mimer importance

i 2ot der URPAER BB ArobARieR And isprdsratiibutEn 5 the Rariruer madifiersdn
cheni cal addition, analy$ls 0PHe p:%%enifmn;ﬁé%\vﬁpdﬁbrﬁfaua}é as&&:xéﬁl@@n’oth%nﬁsrﬂétc

class of "ordered' materials he current” nul ticonp
mdl t i phas@nd pregyceskhyia vanetmf mgneia@ersmdmates that these a‘lloysme ngomﬁed nts:

U S pat JatoHo e ghiclibeR Skablitned sor; OVBRANGY systerts, Thils. tassstaade n
glo. above, all hl%hly ]l:%%dlf ?‘\1/ IalloYJs are disordered r matgﬁ?%gé?ﬁ&%d by multiple

No. 4, 214cqmgongms| ar)d mugtiple phases ie. mmrmallm 4,216, 274; (ix) U S
Patent No. 4, 48(sfithSky G ns tarm e heRf tuSed their attention to the positive electrode

) of the batteries. Positive electrodes today are typically pasted nickel electrodes,
which consist of nickel hydroxide particles in contact with a conductive network or
substrate, preferably having a high surface area. There have been several variants
of these electrodes including the so-called plastic-bonded nickel electrodes which
utilize 'graphite as a microconductor and also including the so-called foam-metal

) electrodes which utilize high porosity nickel foam as a substrate loaded with
spherical nickel hydroxide particles and cobalt conductivity enhancing additives.
Pasted electrodes of the foam-metal type have started to penetrate the consumer
market due to their low cost and higher energy density relative to sintered nickel
electrodes.

5 Conventionally, the nickel battery electrode reaction has been considered
to be a one electron process involving oxidation of divalent nickel hydroxide to
trivalent nickel oxyhydroxide on charge and subsequent discharge of trivalent nickel
oxyhydroxide to divalent nickel hydroxide, as shown in equation 2 hereinbelow.

Some recent evidence suggests that quadrivalent nickel is involved in the

0 nickel hydroxide redox reaction. This is not a new concept. In fact, the existence
of quadrivalent nickel was ﬁrst proposed by Thomas Edison in some of his early .
reet Has Been Replaced

IR



4,605,603 (xii) U.S. Patent No. 4,696,873; and (xiii) U S. Patent No.
4, 699, 8%0 . (These references are di scussed ext ' odq" U. S..
Pat ent . 9?‘85% 667 and this 5 di scussion is spemi%%Wy A S

i ncar porated by reference). Simply stated, in all

met al.- hydri de alloys, as the degree of 4nodification I ncreases,
the role of the initially ordered bhase alloy is of mnaor inportance

conpar edoatieryhpatents e Haowavar, fulljutiization of guadovalent nickel s apyer-hegn

nodi f i .erifw H; ated addition, analysis of the present nultiple
conmponen 8 %ys avai |l abl e on the market 10 and produced by a variety
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gui del i nes established for Ovonic %Io S stgqr;s . Thus, as statq,d .
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b1t heoe T antarTied g B RuBRE Poa ot of BURIAREBCAR, PhAbrkf It o°
el ect r odfartivéri avaay. utilize graphite as a mcroconductor and al so
i ncl udi ng the so-called

ammetal 20 _electrodes ich utilize high . -
porosi ty ni ck&V yﬁ"‘LgW%LEV? geyelpngd; ppsitive e‘e\,\c/?"l"des%ﬁ*ﬁ’i"é%lth#gc kel

hydroxi dfabarddhibéyad refBBlel nBRBIY drirkbly 1RANBRS H4cEH dariEkel ato L
Pasted el ectrodes of the foamnmetal type have started to penetrate the
consuner Such materials are described iroUt B.cPateinb Noc G344, 728 rangh8,/348,822) {whiichsi t y
relative to sjntered nickel - | ect r odes. .2 _
Convent | S8FGE Stadizad. Alorsisract Pysite apgiuds BIRETER) ARd HeSnPelstiNr eq
10 be a GwegEe3idsizdOenBEr20N100d, dift 128, ¢HteAING!s 857 Badissiied KRtober
hydroxide to trival ent ni ckel oxyhydroxide oh charge and
subseque22, dG®6har ge of trival ent nickel oxyhydroxi de to
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Thonmas Edidvenced stage of devetopsaent/for EVs. Ovshinsky's teams have been able to
AVENDED 'Flgggce electric vehicle batteries which are capable of propelling an electric vehicle
to over 350 miles on a single charge (Tour d' Sol 1996). The Ovonic Ni-MH
battery has demonstrated excellent energy density (up to about 90 Wh/Kg), long
cycle life (over 1000 cycles at 80% DOD), abuse tolerance, and rapid recharge
capability (up to- 60% in 15 minutes). Additionally, the Ovonic battery has
demonstrated higher power density than any other battery technology under test
) and evaluation for use as an EV stored energy source.
While Ovshinsky and his teams have made great advances in batteries for

true electric vehicles, the Partnership for a New Generation of-VehicIes (PNGV),

a U.S. government-auto industry partnership initiated in 1996, has suggested that

hybrid-electric vehicles (HEV's) could be the leading candidate to meet their goals
) of tripling auto fuel economy in the next decade. To realize this goal, lightweight,

compact, high-power batteries would be required.
——
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4 s battery patents. However, full utilization of quadrival ent

ni ckel hagovgseassbeen i nvesti gat ed. PCT/US98/61944
practice, electrode capacity beyond the one-el ectron transfer theoretical
capacity is not usually observed. One resson for this is inconplete '
utilization of 5 the active material due to electronic isolation of

lization of 5 acti u | tion.
o i gh el act ront® YEL P Aybrid,drive. sysfefif affefs EAEEY olVAREHLR To B i (5°

adj acent éetenomyandultratibeamissionsiFuel bagihesathiois maximaiastficiency when
that interferes wwth the subsequent reduction of oxidized active materi al
that is operating at constapt retay Thegefore, peak fuel effigiengycary bgrachieved byns

have deve 00Si 1 ' -hat .
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Such mat estorage asysterasihat stpplies\pdak Powsrt foNacceletation Zhd atboSreébHptanids
(whi ch descri be stabilized di sordered positive el ectrode

mat er i al skinglig enesay tarqugh tae use of rfegenerasiysdy,asm-i ssued Cctober 29,
1308 0SS kg, b o905 38 MER D Sl e B

As a result of tThis ftlesearc € negat
active  and couplediithi absise pewer enecgy\slorage Spseim offers the ISék!t-déﬁ%ﬂpmrt ery

has reached a - advanced st%ge of devel opnent for EVs. Ovshinsky's

t eans havE"B‘é&ﬁi%¢@i§%°ns associated)with the léslﬁaéf aifuel angipee 'Bbﬁfﬁfﬂfﬁelg k&yi ch
b . . . . &7
1 h ol o e nefiaBling OBMAILGE BUENE S pf effSHh] staelp, systerh Ciinie B poyiBingll

denonst r avery highepuiset pewer gndosetspting( hight regeherdtiveObiking turreattpat very
cycle li fﬁ_éhov . 1000 %cl e%( at 80% DOD), abuse tol erance, and rapid
recharge MgN € 'C'e"%aﬁ ®iduty gyelgpa powen application requiresiexseptiopal + he

Ovoni ¢ bag{geVifd f GiSERdly rated hi gher power density than any
ot her battgry teﬁr!ngo%e tlr}ﬁ(ferditgest %5 and eval uation for use as an

EV stored ener dyisimpoetant to understand the different requirements for this energy

5 storage system compared to those for a pure electric vehicle. Range is the critical
factor for a practical EV, making enérgy density the critical evaluation parameter.
Power and cycle life are certainly important, but they become secondary to energy
density for an EV.

' By contrast, in the HEV pulse power application, power density is the

0 overwhelming consideration. Excellent cycle life under low depth discharge is also
more critical than the more typical cycle life at 80% DOD required by EV
applications. . Energy density is important to minimize battery weight and space,
but due to the smaller battery size this characteristic is less critical than power
density. Ability for rapid recharge is also essential to allow efficient regenerative

‘5 braking, and charge/discharge efficiency is critical to maintain battery state of
charge in the absence of external charging.

. Given the fundamental differences in requirements between the EV and
those for an HEV application, it could be expected that those batteries currently
optimized for use in EV applications will not be suitable for HEV without an

30 increase in power density. While the demonstrated performance of Ovonic EV
batteries has been impressive, these cell and battery designs have been optimized .
for use in pure EVs and therefore do not meet the specific requirements for HEVs.

A
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Whi | e Ovshinsky and his teanms have made great advances in batteries for
true eléectric vehicles, the Partnership for a New Generation of Vehicles
(PNGY), wooss4288 a U. S. governnent-auto industry partner poTusosidrdated in

1996, has suggested t hat hybrid-el ectric vehicles (HEV s) colfl dv
be the | eading candidate to neet their_goals 30 of tripling auto
fuel econony in the next decade. To regl I ze this goal, |ightweight,

Z(,\)/EREEB SQE%.?TRQY@(WQ%&% is&hedt Yo nih SGWEE B&ttries that have the peak power

The use pérfarghce d réguived sppt ¢HHEWS f eoapledi twithal thed valnéadye sdémonstrated uel
econony and ultra-low em ssions. Fuel engines achieve maxi num efficiency
when performangg gharaelgristics apdt pieven ghanyfactiupbility %éﬁﬁ%\ﬁ%ﬂ"cem'r‘w{]ency
can be aégggﬁgg by enpl oying a constant rpmfuel engine to

provi de gy to a high-power energy 5 storage systemthat
supplies peak power for acceleration and al so recaptures ki netic
energy through the use of regenerative braking., _ .
Similarly, the ability to useSHnypary otthg h@’egﬂ@!‘ati ng at maxi mum .
efficiency i tinaN | 5 s O e ' rﬁggﬂ- stem
offers the besﬁn 8g§e|(§lr¥af§1;wlblrg&d%ho%a%ﬂgi'g?% en{dgsﬁgckgxg‘?g@m te%é/vm'th
the use odhtteribsednd:agictredes lvapably of ingréased.power outptdridiecharge satesgy f or

Ul so poRBiOtARRPbERR i igeRreseraETboals WLpiovida NoWELpateries et prjad " ©"
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It is inportarthdse andotiséroobjeclivesiare satisfiedr my ai niekedsrhetal dwdtitie battesy gy
including at least one negative electrode having a porous metal substrate, the -
improvement comprising: the porous metal substrate is formed from copper,
copper-plated nickel, or a copper-nickel alloy.

These and other objectives are also satisfied by a nickel-metal hydride
battery including at least one positive electrode having a porous metal substn:ate,
the improvement comprising: the porous metal substrate formed from copper,
copper-plated nickel, or a copper-nickel al!dy. '

These and other objectives are also satisfied by a nickel-metal hydride
battery including at least one positive electrode having a porous metal substrate,
the improvement comprising: the porous metal substrate including high-conductivity
regions having higher electrical conductivity than the remainder of said substrate.

These and other objectives are also satisfied by a negative electrode for use |
in a nickel-netal hydride battery, said negative electrode including a pcrous metal

3 substrate, the improvement comprising: the porous metal substrate formed from
copper, copper-plated nickel, or a copper-nickel alloy.

These are other objectives are also satisfied by a positive elecirode for use
in a nickel-metal hydride battery, said positive electrode including a porous metal
substrate, the improvement comprising: the porous metal substrate formed from

) copper, copper-plated nickel, or a copper-nickel alloy.

These and other objectives are also satisfied by a positive electrode for use -

in a nickel-metal hydride battery, said positive electrode including a porous metal
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15 storage system conpared to those for a pure electric vehicle. Range
i s the 3WOQP8/3488 factor for a practical EV, maki RFEHE N Yensity
the-critical evaluation paraneter. Power and cycle life are
certainly inmportant, but they becone secondary to energy density
for an EV. By contrast, in the HEV pul se power

appl i cat saipstrae\tive icprovément compridihg: the porsusvinetatisabstratesindruding high-
Excel | ent c%cl e llife under_ | ow depth di scharge is-also . E{rﬁprg

cri ti cal CORAWCYvItY ragioBshavinahighet electrgal candiugibitptiran the reraainger el sai

appl i cat Egﬂgtratlénergy density is inmportant to mnimze battery weight and
space, bu ) due to the snmaller battery size this characteristic
is less critical than power density. Ability for rapid recharge
is also essential to allowefficient regenerative braking, 25 and
“char ge/ di schar ge ef fi ci enc\Brief Desaription of tha P@wWINGS hattery state of charge

in the : b. r Q4 QU é&féﬁ

di fferences i I’ll: '9%%uf?eéégcﬁ$fgngéei%\;e\{er§# {ﬁﬂéﬁsﬁ%élc%l-m E)Qﬁe%%{sile or?daﬁnHEV
appl i cat iefectrode tajl d be expected that those batteries currently

optim zed for use in EV applications will not be suitable for HEV w t hout

an 30 i ndgWSe2 dRPistnEPM@ARS Pt Gorregion MmNty AN PRSIl PECIRNSFAIce of

Ovoni ¢ E? oC: batteri es has been inpressive, these cell and battery
desi gns have 'been optin zed for use in pure EVs and therefore do

not nmeet the digurd 8adepictia positive diectradd/for a prismatic Ni-MH battery having
ANMENDED HI%?ET .. . 6
Ther ef or SIGR-GRPUCivity 1RGNS or hi gh power batteries that have the peak
power performance required by HEVs coupled w th the already
denonstrat ed performnce characteristics and proven

manuf acturability of the Oetailed Beskription tof the $nvention

An objective of the present invention is to improve the power output from a
nickel-metal hydride (Ni-MH) rechargeable battery. Generally, the power output
may be increased by lowering the internal resistance of the battery. Lowering the
internal resistance decreases the power wasted due to dissipation within the
battery, théreby increasing the power which is available to drive external loads.
The internal resistance of a nickel-metal hydride battery can be decreased by
increasing the conddctivity of the battery components as well as the connections
between the components. More specifically, the internal resistance can be
decreased by increasing the cbnductivity of both the positive and negative
electrodes of the battery.

Generally, a Ni-MH battery includes at least one negative electrode and at

3 least one positive electrode. An electrode tab may be attached to each of the
| negative and positive electrodes in order to electrically connect each of the
electrodes to the appropriate terminal of the Ni-MH battery (i.é., negative electrode

to negative terminal and positive electrode to positive terminal). Figure 1 shows

an embodiment of an electrode 1 attached to an electrode tab 2 for a prismatic Ni-

) MH battery. The electrode 1 shown in Figure 1 is representative of either a
negative or positive electrode of the Ni-MH béttery. The electrode tab 2 may be-

attached anywhere on the electrode 1. Preferably, the electrode tab 2 is attached
n R ayWHeIB PN e €
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5 Summary of the Invention

An "obj ective of the present invention is to provide nickel- dride |
bat t er Y6938 ect r odes capabl e of increased power out p&cgﬁ%ﬂfoép

arge.
rates. Anot her objective of the present invention is to provi de
Ni - MH batteries that provide 8 sufficient power for EV and HEV
applications. 10 These and ot her objectives are satisfied by

a ni ckealomgtthe tbpcnfittle ebmtmﬂe;d so it may be easily ctinmgctad taetha appmpr’tajet ive
| ect h bst
compr 1 Paten: HBab etk JFe8,d¢  Seblode tgbr 2 mey, he. gipeftd 167488

copper - gle2i@d@deni ckel , or a copper-nickel alloy. - These and
ot her objectives are also satisfied by a negative el ectrode for use 15
in a nickel - ﬂ‘bealemme'tabz)maydmormadcfmmm electedically condudting materigla

por ous tal . substr.ate rovement, co r|5| [ OUS
Pt oS B Is cosistant dof FORPERN from The: HAIRY SringBRiGit,: EAiarbR, RE"!S
copper - gjgekddetab® may be formed from mckel or mckel-plated coﬁiérefF&?ﬁiﬁb tAki on of
t he Draw ngs Figure 1 eplcts an electrode for a prismatic

Ni - MH betectiogdeataba? ieain tnicket-plated copper rathen thagefrombnickabdecrpasestheepi ct s

gg[rglr p]s Eeo f; cor 5% Itﬁ)e eleép%u e QB a%ﬂ in r%%gleg 't%pﬁheg?ypu@gtcf?w&tpgrp%qeqh e

I nvention NI-MH batteries emplbyc® heghtive efictrode Hﬁ\lﬂﬁ‘ah ddfivethatehdl thato
| nprove the power output froma ni ckel -netal hydride (Ni-

r echar gismabapablet ofcthe. revensible electronbemicalrstonageuof hydrogen. Themegative

| nt or napiacgtoder A AGubPE B St inata SbRRR WRlsn g SThé Eofve rRARRETD,

th? 30 The nePbﬁ éeéléctrbbérﬁﬁy b'écfmdlgo |’iﬁe§§l rthd“abhvesnﬁtéhélahhe to
drive external | oads. The |nternal resi stance of a nickel -met al

hydri de Podeseq foam) jataidee preushipetal substratej néfiessthegpowdered Rplivevi t y
ZT\/E}\IBED@EE%Y'SCF’?@Q&? S i px)\%ds 3t g%bgﬁg{ée Wié RQSatwe electrode may be

sintered.

Upon application of an electrical potential across a Ni-MH battery, the active
negative electrode material is charged by the electrochemical absorption of
hydrogen and the electrochemical generation of hydroxyl ions. " The
electrochemical reaction at the negative electrode is as foliows: '

charge
M+H,0O+e <-——- > M-H + OH"
discharge

The negative electrode reactions are reversible. Upon discharge, the stored
hydrogen is released to form a water molecule and evolve an electron.

The active material of the negative electrode is a hydrogen storage matérial.
The hydrogen storage material may be chosen from the Ti-V-Zr-Ni active materials
such as those disclosed in U.S. Patent Nos. 4,551,400 ("the '400 Patent"), the
disclosure of which is incorporated by reference. As discussed above, the
materials used in the '400 Patent 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. The
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As discussed, the negative electrode may be formed by pressing active
hydrogen storage material into a porous metal substrate. The conductivity of the
negative electrode can be increased by increasing the conductivity of the negative
electrode's porous metal substrate. Generally, the porous metal substrate

- "includes, but is not lirhited to, mesh, grid, matte, foil, foam, plate, and expanded
metal. Preferably, the porous metal substrate used for the negative electrode is
a mesh, grid, or expanded metal. The present invention discioses a negati\ie
electrode for a Ni-MH battery comprising a porous metal substrate that is formed
5 from copper, copper-plated nickel, or a copper-nickel alloy. As used herein,
"copper" refers to either pure copper or an alloy of copper, and "nickel" refers to

either pure nickel or an alloy of nickel.

Figure 2 illustrates the domains of corrosion, immunity and passivation of
copper at 25-C. The horizontal axis represents the pH of the electrolyte, and the

] vertical axis represents the electrical potential of the copper material. The electrical
potential is shown relative to a hydrogen reference (vertical axis labelled "H") as .
well as relative to an Hg/HgO reference (vertical axis labelled "Hg/HgO". As used

\

This Sheet 4

T



25 . . powdered form into the porous netal substrate. After the
powdered active material is pressed into the porous netal

subst r atygo okRGeggegat i ve el ectrode nay be Si Nt er@EEUS98/01944 - .
Upon application of an electrical potential across a Ni-Md battery, thet
active . negative el ectrode material is charged by the

el ect rochem cal absorption of 30 10hydrogen and the el ectrochem cal

t f hyd '
%ggg[ ?Vle(?{éréﬁr Hrélgltgge $%$ Irz;}\eﬁsgw%%t ;é%ap ive to an HnggO referenc(ét {Jg es%t the

ANMENDED
charge 1 MHerr|Ote <------

di schar gesolubility of copper méOhbget:tmhytezl Etgureaellmsieates that ailcertawepeﬂabng

ol ecul o ORAENS (8. At and aoteptiah copperwih 28Frbde® Figurs 2 also | stHteh gt
the negatgiRe ﬁﬁ ngﬁgfe 0 ués *Bfgiel-?%ﬂﬂ é&tﬁpr OmcHEbe Isai'mmune from corrosiéh.

hydrogen stora teri osen e TI-V-Zr-Ni active
mat eri al sAt the appropnaieodpeatatmgnmddlml @scopper sulsstratetinncontest withshe, 400

i conc ol bt e Sumerl i tfofBaLsibale ok M EIBBNG o
o et B, e st L IRt T Y ene

During normal charge/discharge cycling of a Ni-MH battery, the metal
hydride negative electrode is at a potential of about -0.85 volts, and the pH at the
metal hydride negative electrode is about 14. ‘This operating point is shown as
operating point A in Figure 1. As seen from Figure 1, the operating voltage of -
0.85 volts is lower (i.e., more negative) than the copper dissolution voltage of
approximately -0.4 voits (for'_a pH of about 14). Hence, during the normal

j charge/discharge cycling of a Ni-MH battery, the metal hydride negative electrode
using a copper substrate is immune from corrosion. '

During overdischarge of a Ni-MH battery, the positive electrode becomes a
hydrogen evolution electrode whereby the reduction of nickel is replaced by the
electrolysis of water into hydrogen gas and hydroxide ions. Because the Ni-MH

) battery is designed with a stoichiometric excess of metal hydride active material,
the negative electrode potential remains close to -0.8 volts. As well, the hydrdgen
evolved at the positive electrode is oxidized at the metal hydride negative
electrode, further stabilizing the negative electrode potential at about -0.8 volts.
At low currents, overdischarge can occur indefinitely without the discharge of the

5 metal hydride negative electrode needed to increase negative electrode potential
to the value required for copper dissolution. At high currents, hydrogen evoives
faster than it recombines and there is a net discharge of the metal hydride negative
electrode. However, the discharge is much less than that required to raise the
negative electrode potential to a level permitting copper dissolution. Even when

0 the negative and positive electrodes are shorted together, the stoichiometric
excess of metal hydride ensures that the metal hydride negative electrode remains.
at a potential of about -0.8 volts, and is still protected from copper dissolution.
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negat i vengk aevieraleimportarittfdvantages. Copper is an excellent electrical conductor.
Hence, its use as a substrate material decreases the resistance of the negative

materi al,s of the ' ;int are mul ti phase materials, which may contain,

electrode. This decreases the amount of battery power wasted due to internal
dissipation, and thereby provides a Ni-MH battery having increased output power.

_ Copper is also a malleable metal. Malleability is very important because of
the expansion and contraction of the negative electrodes during charge and
discharge cycling of a Ni-MH battery. The increased pliability of the substrate
helps prevent electrode breakage as a result of the expansion and contraction,
thereby resulting in improved battery reliability.

Increased substrate malleability also allows the substrate to more reliably
hold the active hydrogen storage material that is compressed onto the substrate
surface. This lessens the need to sinter the negative electrades after the active
material has been compressed onto the substrate, thereby simplifying and reducing
the cost of the electrode manufacturing process.

The conductivity of the negative electrode can also be increased by
increasing the conductivity of the negative electrode's active material (i.e., the
metal hydride active material). The conductivity of the active material can be
increased by incorporating copper into the metal hydride material. This may be -
done in many different ways. One way is to mix a copper powder with the metal
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AMENDED fiited from nickel hydroxrde The posmve electrode also rncludes a porous metal

substrate which holds the active material. The positive electrode may be formed
by pressing the active positive electrode material (in powdered form) into a porous
metal substrate. One or more electrode tabs may be attached to the positive
electrode to electrically connect the positive electrode to the positive battery
terminal.

The reactions that take place at the positive electrode are as follows:

charge
Ni(OH), + OH" <-—---- > NiOOH + H,0 + ¢
discharge

The nickel hydroxide positive electrode is described in U.S. Patent No. 5,344,728 .
and 5,348,822 (which describe stabilized disordered positive electrode materials)
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The conductivity of the porous metal substrate of the positive electrode may

be increased in other ways. The conductivity of the porous metal substrate may
be increased by introducing "high-conductivity regions” into the substrate. Such
high-conductivity regions comprise regions of the substrate having higher electrical
conductivity than the remainder of the substrate.

Figure 3 shows an embodiment of a positive electrode for a prismatic Ni-MH
battery having a porous metal substrate including high-conductivity regions. . As
shown in Figure 3, an electrode tab 2 is attached to the positive electrode 1'. As

; discussed above, the electrode tab 2 electrically connects the positive electrode
to the positive battery terminal.

Figure 3 shows one embodiment of the high-conductivity regions. In Figure
3, the high-conductivity regions 3 are in the form of lines of high conductivity which
run diagonally across the positive elecirode 1'. These lines of high conductivity

} provide high conductivity current pathways from points remote from the electrode
tab. The lines of high conductivity shown in Figure 3 may be configured in many .
different ways. Prefergbly, they are configured to minimize the resistance of the
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of foam, the high-conductivity regions can be formed (i.e. the material densnﬂed)

by compressing the appropriate portions of the foam. | o

In other embodiments, the high-conductivity regions may be formed by
conductive wires and ribbons that are electrically connected to the substrate and
appropriately placed to minimize the resist_ance of the electrodes. The wires or
ribbdns may be formed from copper, nickel-plated copper, nickel, copper-plated
nickel, or a copper-nickel alloy. _

In yet another embodiment, the high-conductivity regions may be formed by
conductive powder which is sintered to the porous substrate in the appropriate
configuration. The powder may be formed from copper, nickel-plated copper,
nickel, copper-plated nickel, or a copper-nickel alloy.

Alternately, in another embodiment, the high-conductivity regions may be'
formed by first forming densified portions or channels in the porous substrate, and
then integrating the conductive wire, ribbon or powder into these densified portions
or channels.

Furthermore, in order to protect the porous metal substrate including the
high-conductivity regions from the harsh chemical environment of the battery, the
porous metal substrate including the high-conductivity regions may be plated with .
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Another aspect of this invention is a nickel-metal hydride battery having at
least one positive electrode of the type disclosed herein. And yet another aspect
of this invention is a nickel-metal hydride battery having at least one negative
electrode of the type disclosed herein. The type of nickel-metal hydride battery
includes, but is not limited to, prismatic Ni-MH batteries and cylindrical jelly-rolled
Ni-MH batteries (i.e., AA-cells, C-cells, etc.). |

Example 1 .
Table 1 below shows specific power at both 50% and 80% DOD (depth of
discharge) for prismatic Ni-MH batteries having positive and negative electrodes

5 comprised of substrate materials disclosed herein.
Table 1
Electrode Substrate Specific Power (Watts/kg)
Positive Negative . 50% 80%
1) Ni foam Ni expanded metal 214 176
) 2) Ni foam Cu expanded metal 338 270
"~ 3)  Nifoam*- Cu expanded metal 386 270

*Cu plated then Ni plated
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appl i cabIDoP It;agqutﬂ]s'\w%%fkgo batteries including, but not I|i m' ted to,
prismatic Ni - Nhi Rsw2esf Babland thlgositiviecaleciredié )éubstrate is formed tdrR hicitel MH
bat teries. MENDED SHEET
foam, but the negative electrode substrate is now formed from a copper expanded
) metal. In this case, the specific power at 50% DOD is about 338 Wattslkg and the
specific power at 80% DOD is about 270 Watts/kg.

in Row 3 of Table 1, both the positive and negative electrode substrates

include copper. The negative electrode substrate, as in Row 2, is formed from
copper expanded metal. The positiVe electrode substrate is formed from a nickel
) foam. The nickel foam is plated with copper to increase the conductivity of the
substrate. The foam is again plated with nickel to protect the substrate from the
battery electrolyte. In this case the specific power at 50% DOD is about 386
Watts/kg and the specific powér at 80% DOD is about 270 Wattslkg.'
The specific power output of a Ni-MH battery may’ also be increased by
5 adjusting the height, width and depth of the positive and negative electrodes. The
ratio of height to width of the electrodes (i.e., height divided by width) is defined
herein as the "aspect ratio” of the electrodes. The aspect ratio of the positive and
negative electrodes may be adjusted to increase specific power. Furthermore,
electrodes can be made thinner in order to incorporate more electrode pairs into
0 each battery, thereby decreasing the current density of each electrode.



13 ~ Anot her aspect—of this invention is a nickel -netal

hydr i de wWoldssusshaviyigy, at s Been | east one positive el pCTMUSISOIH4t he
type. di scl osed herel fer aspect of ‘this |nvent|on
i s a-nickel -netal ﬁ haV| ng at | east one negative

el ectrode of the typ rei n The type of nickel-netal hydride

battery I ncl udes, but Is not limted to, prismatic N - VH
batteri eéﬁ-ﬁﬁ?—%% i ndri cal Jel ly-rolled Ni - MH batteries (i.
AA-cel |'s, G cqlgbfe 2@hows specific power for aprRsmatc Ni-MH battery usmg a poE&Nee 1
bel ow shows specific power at both 50% and 80% DOD (dept h” of

di schar gelect@depsubsteate ofNpicksl foam and<a npgative elestrade, EUB%%QEWDEQT

Tablo 1 Sxpanded metal. FRARHNEE ui eBPRRL ol SFESHAETpe R BAEnRGRFT, o)

1%  electrodesHieavé beén changed fiwaicthbse of Example ito w&%ase the speﬁiﬁ%

1) Ni foam Ni expanded net al 14 2)

N foam power outpgiobthsabaderyqret al 338 270 o Cel |
Capacity: 121 anp-hours 20 POﬂ B! vg El ectrode Dinensions: 5.5" H x
3.5" Wx .0315" D _ Negat i ctrode Dinensions: 5.25" H x 3.38"
Wx .0145" D Electrode Substrate Specific Power (Watts/kg) '

Positive Negative 50% 80%
) 1) Ni foam Cu expanded metél 505
350

Cell Capacity: 62 amp-hours
Positive Electrodes Dimension: 3.1" H x 3.5”" W x 0.028" D
Negative Electrodes Dimension: 2.9" H x 3.3" W x 0.013" D

In Example 2, the aspect ratios (height divided by width) of both the positive
and negative electrodes have been changed to inérease the specific power of the
battery. The positive electrodes have dimensions of about 3.1" height x 3.5" width,
and the negative electrodes have dimensions of about 2.9" height x 3.3" width.

) The aspect ratios of the positive and negative electrodes of Example 2 are about
.89 and about .88 respectively. In contrast, the aspect ratios of the positive and
negative electrodes of Example 1 are about 1.57 and about 1.55 respectively. The
aspect ratios of Example 2 are closer to "one" than those of Example 1.

in Example 2, the positive and negative electrodes have also been made |

5 thinner to incorporate more electrode pairs in the battery, thereby decreasing the
current density of each electrode. in Example 2, the positive electrodes have a
depth of about 0.028", and the négative electrodes have a depth of about 0.013".
Ni-MH batteries using positive and negative electrodes having similar aspect ratios
to those of Example 2, but using nickel for both the positive and negative

0 electrodes, have specific power of about 300 Watts/kg at 50% DOD and about 225
Watts/kg at 80% DOD.



In Exanple 1, the dinmensions of the positive electrodes are 5.5" height,

3.5" dth and .0315" depth. The di nensions of t

el ect rodeQ” lrs‘éz . 25" 25 hei ght, 3.38" width and .014 p@ﬁgepth eI N etRow
1 of .Table 1, both the positive el ectrode substrate and 't he
negati ve el ectrode substrate are fornetBfrom ni ckel (the positive

el ectrode substrate is formed from nickel foam and the negative :
el ectrode sub¥\hilg éhe dnventian hashesnc idescaked nifle gonneetign with prefersed e

P v R RRRLhS R, 1o P ubRefal o M i

| n Row 2hefinvéilicn fo tHesreférred bﬁ%&ilﬁﬁﬂ@dﬁd%ﬂbﬁéd@bs iOn tite GBAranoRisi ckel

foam but the negative el ectrode substrate is now fornmed from a. copper
ex pandedntended to cover all alternatives, modifications and eauiwateroesvhich may be

338 Vit tlgpweﬁtﬂm thé s&)th aﬁé‘s%ggghﬁtﬁg%méé@{%é%qﬁﬂépgg%t h%gout

Wt t s/ kgappended hereinafter. The specific power output- of a N -MVH battery may

al so be increased by adj usting the height, width and depth of the
positive and negatlve el ectrodes. The- 5° ratio of height to width of
the el ectrodes (i.e., height divided by width) is defi-ned - herein
as the "aspect ratio" of the el'ectrodes. The aspect ratio of the positive
and + negative electrodes nay be .adjusted to increase specific
power. Furthernore, - el ectrodes can be nade thinner in order to

i ncorporate nore electrode pairs into ' each battery, thereby
decreasing the current density of each electrode. 10
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Exampl e 2 Tabl e 2 shows specific power for a prismatic

Ni - VH bav® 98/94288i ng a positive el ectrode substr RCI/EPIMBHe| f oam
and ta megative el ectrode substrate ofgcopper expanded nmetal. In
addi'tiogv t(ﬂ mRspect ratios of both the positive and negative 15

el ectrodes ave been changed fromthose of Exanple 1 to increase the

speci f I qa. In a nickebmetaloydride batteheirohiding \at least one negative electrode
Tabl e El ectrode Substrate Speci fic Power (Watts/kg)
Posi ti v@aVan a P‘N@Bﬁtm%f@' substrate the impypvement COWAFQIQ 1) Ni foam

post P ande!  Hid poroys mistal substrate ¥Armed fram,copbBF, copPRRADIANS rickelBr NOUT S

Negat i va ¢oppernidksl &loyensi on: 2.9" H x 3.3" Wx 0.013" D 25
In Exanple 2, the aspect ratios (height divided by width) of both the
positive and negative el ectrodes. have been changed to increase

the spegific ﬂ%‘gép@é{ éf‘@lﬁ htwherse@%%ic?Eéhou@ﬁle?é’lsédﬂsﬁ%té't§§¥dt85%ﬁ Hhave

dlnen5|ons of € ne a I ve

el ect r odematenal whichis lewntn@éllyemndudtw& ‘aritragigtant © Sorrosidhlin the battery The
aspect ratios of the positive and negative el ectrodes of Exanple 2 are
about 3@NVIronM&Y. and about .88 respectively. In contrast, the aspect

rati os of the positive and negati ve el ectrodes of Exanple 1 are
about 1.57 and about 1.55 respectively. The aspect ratios of

Exanpl e & ar eThe batteryt af Claime2, whereinisaic matefalaviiich islelectrically conductive

AVENDED SHEET
anléEresistant to corrosion in the battery environment is nickel.

4. In a nickel-metal hydride battery including at least one positive electrode
having a porous metal substrate, the improvement comprising:

said porous metal substrate formed frqm copper, copper-plated nickel, or
a copper-nickel alloy. |

5. The battery of claim 4, wherein said porous metal substrate is plated with
a material which is electrically conductive and resistant to corrosion in the battery
environment.

6. The battery of claim 5, wherein said material which is electrically conductive
~and resistant to corrosion in the battery environment is nickel.

7. in a nickel-metal hydride battery including at least one positive electrode
having a porous metal substrate, the improvement cdmprising:

said porous metal substrate including high-conductivity regions having higher
electrical conductivity than the remainder of said substrate.

8. The battery of claim 7, wherein said porous metal substrate is formed from
copper, nickel-plated copper, nickel, copper-plated nickel, or a copper-nickel alloy.

[

heet Has Been Replaced




15. . .I'n Exanple 2, the positive and negative el ectrodes
have al %ggzsgade thinner to incorporate nore}f‘l:,ﬁﬁ pairs .
in the E‘gf)tery, t her eby decreasing the current enm%{l}m%eaoh -
el ectrode. In Exanple 2, the positive el ectrodes have a dept h of
about 0.028", and the negative el ectr@f@es have a depth of about 0.013". 5

"N -WMH batteries using positive and negative el ectrodes having simlar
aspect P©at i osThe battery of glaim Fowbesgintsaighporoys matal subsicate is caatedgwitiy ot 1

t he posig ' : I ' |4 f
about 300 HEr A WICAR bibGrically sopcusy ShY3deRtart ¥ SoRRkir B HRter) 1\,
Wi | e t lepviromatgriton has been described in connection with preferred 10
enbodi nents and procedures, it is to be understood that it is not intended

tolimt the invention to the preferred enbodi nents and
procedures. AETAVAPN I M- . . i . KQE .
al t emat i1@Zs, %D%Qﬁt%@ﬁf (S:r?é'%agrﬂyG r(‘aéq%m%?lgr%%tevr\ﬁ |i %%s%&e&n% ”ﬂd‘ﬁ"ﬁ?ﬂ uded

wi thin tamel ssistaht todorosipn infthé batieny environment dehickell by the clains

appended hereinafter. o : :
11.  The battery of claim 7, wherein s.aid- high-conductivity regions comprise
densified portions of said porous metal substrate. |

12. The battery of claim 8, wherein said high-conductivity regions comprise
densified portions of said porous metal substrate.

13.  The battery of claim 7, wherein said high-conductivity regions comprise

wires, ribbons or sintered powder electrically attached to said porous metal

substrate, said wires, ribbons or sintered powder formed from copper, nickel-plated
' copper, nickel, copper-plated nickel, or a copper-nickel alloy.

14. The battery of claim 8, wherein said high-conductivity regions comprise
wires, ribbons or sintered powder electrically attached to said porous metal
substrate, said wires, ribbons or sintered powder formed from copper, nickel-plated
copper, nickel, copper-plated nickel, or a copper-nickel alloy.

16. The battery of claim 11, wherein said high-conductivity regions further

comprise wires, ribbons or sintered powder integrated into said densified portions
- of said porous metal substrate, said wires, ribbons, or sintered powder formed from

copper, nickel-plated copper, nickel, copper-plated nickel, or a copper-nickel alloy.

16. The battery of claim 12, wherein said high-conduclivity regions further
comprise wires, ribbons or sintered powder integrated into said densified portions .

This Sheet Has Been Replaced
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AMENDED, SHEET 16 . W Caim In a

ni okel--m%ﬂ’“ﬁ%ri de battery including at | east one negat il’%’lﬁyé@}gr"ﬁde
havi'ng®a porous netal substrate, the inprovement conprising: :
said porous netal -substrate is fornecgfrom copper, copper-plated nickel, or
5 a copper-ni ckel alloy, said copper, copper-plated nickel or

- copper -ofisdidpordusayetal substrate, said wixgs) sibbbons, dhsintdred powderféormed from

2. The battery of claim1, wherein said porou tal substrate is plated
Wi th  copper, nickel-platedpopner nigkek GopBetplated nickel or asaprermickel aioy.”
resistant to corrosion in the battery 10 envi ronment . _

3. The battery of claim2, - wherein said material which is electrically
conduct1¥.e In a negative electrode for use in a nickel-netal hydride battery, said

negative electrode including a porous metal substrate, the improvement
comprising:

said borous metal substrate formed from copper, copper-plated nickel, or a
copper-nickel alloy. |

18. The negative electrode of claim 17, wherein said substrate is plated with a

material which is electrically conductive and resistant to corrosion in the battery
environment.

18. The negative electrode of claim 18, wherein said material which is

electrically conductive and resistant to corrosion in the battery environment is
nickel. '

20. In a positive electrode for use in a nickel-metal hydride battery, said positive
electrode including a porous metal substrate, the improvement comprising:

forming said porous metal 'substrate from copper, copper-plated nickel, or
a copper-nickel alloy. -

21. The positive electrode of claim 20, wherein said substrate is plated with a

material which is electrically conductive and resistant to corrosion in the battery
environment.

22. The positive electrode of claim 21, wherein said material which is electrically
conductive and resistant to corrosion in the battery environment is nickel.

23. Inapositive electrode for use in a nickel-metal hydride battery, said positive
electrode including a porous metal substrate, the improvement comprising:

e

Ly
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and-resistant to corrosion in the battery'environnent I's nickel. 15
4. In a negative ahiesSKestdlEBdeAReps@ i N @ ni ckel -netal hydride battery, said

negat i vVQIEIREHde | ous netal substrate, thPaIRBOEMNC -
conpri-sing: Jlﬂ n ﬂﬂ ﬂ!ﬂ%
copper, copper-pl at

i d porous metal substrate formed from
copper - ni ckel alloy, said

copper, copper-plated nickel or copper-nlckel al | oy exposed
to the el ect galdgcdtous metai@ubstrate mcludm |gh-coﬂ%ﬁlcﬂ€i%‘e'gY&1ﬁléiﬁﬁg ﬁlqh
claim17, wherein said substrate is plate a rial
whi ch i elestrigal conduttjvitythanciheremainder of saishsubsirater rosion in the battery
envi ronnent . 25 6. The negative el ectrode of claim 18,
wherein said material which is electrically conductive and
resi st apy. toTherpexilivielgttrode dradlaifi 238 WheréM&dld povous metal substrateisckel .
7. The battery of claim1, wherein said copper-nickel alloy has a .
resi st i farmed fsam coppegmuckel—platqdmmgn;mckﬁlcmper-plated nickel, or a copper-
repl ace 17
8. The ﬂ@gél ?C@eel ectrode of claim 17, wherein said copper-nickel alloy has
a resistivity less than pure nickel. .

L

25. The positive electrode of claim 23, wherein said porous metal substrate is

plated with a material which is electncally conductive and resistant to corrosmn in
the battery envnronment

26. The positive electrode of claim 25, wherein said material which'is el'ectrica'lly
conductive and resistant to corrosion in the battery environment is nickel.

27. The positive electrode of claim 23, wherein said high-conductivity reglons
comprise densified porttons of said porous metal substrate.

28. - The positive electrode of claim 24, wherein said high-conductivity regions
comprise densified portions of said porous metal substrate.

28. The positive electrode of claim 23, wherein said high-conductivity ré'gions
comprise wires, ribbons or sintered powder'electrically attached to said porous

- metal substrate, said wires, ribbons or sintered powder formed from copper, nickel-
plated copper, nickel, copper—plated nickel, or a copper-nickel alloy.

30. The positive electrode of claim 24, wherein said high-conductivity regions
comprise wires, ribbons or sintered powder electrically attached to said porous
metal substrate, said wires, ribbons or sintered powder formed from copper, nickel-
plated copper, nickel, copper-plated nickel, or a copper-nickel alloy.

31.  The positive electrode of claim 27, wherein said high-conductivity regions .
further comprise wires, ribbons or sintered powder integrated into said densified

* c L M s *




9. In a nickel-nmetal hydride battery including at |east one negative
eleCtTQQﬁgdiuws havi ng a porous netal substrate, thel#ﬁ# s?ﬁgﬁ&

conpri' sing: sai d porous netal substrate co

substantially pure copper, said copper being exposed to the

el ectrol yte. 10. In a negati2Be el ectrode for use in a nickel-neta
hydr.i de battery, said negative 10 el ectrode including a porous netal

subst r REEjonset sajs peusHmetapusttatg; said wires, ribbons, ok sinterec pawdeet al
o ggts; @&@@Hﬁ%@@ﬁ%ﬁﬁ%&@& LSppet, RickaRBpperPldted nickel, ora Sopper. Pe! Nd

nickel alloy.

32. The positive electrode of claim 23, wherein said higthonductivity regions
further comprise wires, ribbons or sintered powder in_'tegrate'd into said densified
portions of said porous metal substrate, sgiq_wires, ribbons, or sintered powder
formed from copper, nickel-plated copper, nickel, copper-plated nipkel, or a copper-
nickel alloy. . | o '
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