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PCT/ US95/ 1332 TI TLE: FUEL CELLS EMPLOYI NG | NTEGRATED FLUI D
MANAGEMVENTPLATELETTECHNOLOGY
DESCRI PTI ON TECHNI CAL FI ELD: ' This invention rel ates '
to fuel cell d \ | nH‘ﬁ%%r
pl atel ets STﬂ-@ha"l\plgrifgdﬁ%% ﬁ&%ﬁgé uir d **ng%ggghe@ echnol-ogy mﬁ Eaﬁy :
to nethods of manufacture and operatlon of ‘the I'FMcel I's. A :

- particul ar enbodi ment enpl oying the pri Hﬁﬁﬂ@% this invention is a
hydr ogen- air/ gerr] fuel 5 cell enploying nmultiple separators formed of
bonded pl at el.‘eéa[ Alth | um niobium copper, stainless steel,
al um num or asti c having individually confi-gured mcro- channel react ant

gas, cool ant and Thiginvantion feiatesdayuelcelis, and mereeartiyiarly & fuel cefpeanpinuctad ptstasked platalets
in the range nafm@iatbgfate'a@uia axaﬁ%emdcﬁaowywbwma@mwm mafufagturé e c@étdﬁinof

B](c)werZSgénce)r :t %’E“&Blﬁ%r ? '?"Zaﬁgngd%b%%"%e e ﬂgﬂc@ g%t'%%%n%{)%% gar atl o’ns
The | FM pb at eletempioyingsuitiniesensratarsiomed ommwlﬁd?taeﬁt@amwm 6oRpen stainless steel,
fuel cell st agimitum &%ﬁ@zﬂiﬂﬁdﬁé RN cBBgLIRa Midh-cERRE BREENR gasiBsbiant and hum:dtﬁcatlon
Rlé-rp dification .t etﬁ#&rrn %{,TF,C[,", ells operahteln therangeofagoutsggl 1|50‘C and have an ég( ofon eorder
of ._25-1 .0 kW per Kg and .5-1.0 kW/L for use in both stationary and mobile power generatlon applications
in open or closed loop configurations. The IFM platelet and separator design can be adjusted throughout
1'0 the fuel cell stack to accommedate varying thermal management and humidification requirements within

~each cell.

BACKGROUND ART:
_ Fuel cells for direct conversion of hydrogen or carbonaceous fuels to electricity have showAYreat :
15  theoretical promise, but have not become widely used in commerce because of technical problems and
economic reasons. In the field of hydrogen-air/O, fuel cells, power density, that is kilowatts of power
generation per pound has been marginal, and the lifstime has been unsatisfactorily short. Prior art cells
have experienced dropoff in power with age due in part to poisoning of catalysts or eiectrolyte
membranes, and the poor dnstnbutlon of fuel gases intemnally has led to thermal hot spots leading to cell

- 20 failure and the like.

Apartucularlymportantclassofﬁ.:elce!ls with promuseforstatlonaryandmobileelectﬂcﬂy
~ generation is the low temperature H,/O, fuel cell empioying solid polymeric protoq exchange membrane
having a noble métal catalyst coated on both sides thereof, which mérnbrane is located between the fuel
cell electrades or electrically conductive separators. These fuel celis empioy H, as fusl, whether directly
25  supplied as such or generated in association with the cell by chemical reaction, such as electrolysis or
from me!alhydrides. The oxidant is O, or air, and water is required both for cooling and for humidification
of the membrane to keep it from drying out and becommgnnefﬁclentorstmcmrallyweakenedmrough
cracking. Typically, the anode side dries out first for a variety of reasons, including electrosmotic pumping
from anode to cathode, mewppwofgasesmexce&ofmeelecmdlemwfeacﬁonrate.and theairor

30 .oxygmﬂowmhecaﬂndesﬂepugesbohhapmductwatemdhew&evapapassnghmghma '

membrane from thehydrogen anode side. Accordingly, the fuel gases are humidified in the fuel cell stack
_to reduce the dehydration effect. Thecoolmwaterremovesexoessheatgeneratedinﬂ\eslow
mbmmmmmwmammmhmeca&aubwmmmof
the stack for heat exchange. In some designs the cooling water is used to humidify the reactarit gases.
35 ' There are several suitable electrode membrane assemblies (EMAs) available for such low
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1 ‘Drawing(s) : paged "" to paged .
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DISCLOSURE OF INVENTION:
OBJECTS AND ADVANTAGES:

ftis among the objects of this invention to provude lmproved fuel cell deslgn and methods of
construction and operatlon. larly fuel cells of the hydrogen and oxygen or au' type which show 3X
or better improvement over cumently available graphlte cells. o T

Adﬂbmﬂobpdsandadwrﬁxpswwhdm ) '

To provlde improved fuel cell construction technlques based on multiple platelet and stack
unmtmmymehpumushmmsmxhhuxnmwnngasanvardwmmnbnnmmummvwscmnmd
byewmm;halamahncrunwg:Manmm;pwwhhgoranMHﬂmr '

To provideanmegratsd processformamfachxreofﬂelcensmolving photolnﬂwographyofaseries

~ of individual ptateeeu. followed by feature fom\ing by etching. embéssing, stamping. punching, bonding
_ bramgorsoldeﬂmstackedplataletsmderheatand presswe.andanﬁ-oxidantcoammeplateleu

and/or sub-assembly polar sepamors;
To provide integrated fiuid mmagementteehnology (IFMTHo fuel cell stack design, particularlyto

medesignofplamsassanbledMumpolarorbipolarseparators(hdlvidualcells).andplural cells into

stacks.tompmehnlmdoxdaﬂgashunﬁiﬁcaﬁmmddlsﬁbuﬁonfacmﬂctwmmemanbmnes.
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PCT/ US95/ 133‘2%9"‘231‘ ~ tenperature fuel cells. One is from BCEResn 2"ip
ef Bellville, New Jersey which enploys a Pt catalyst. coated on a-
pol ymer films such as duPont "NAFIONf err] brand perfl our osul f onat ed

hydr ocarbon as the - nmenbrane. Alternatively, Dow Chem cal provides a
per f | our osul fape for beat gest Rumidity GARtEShtorRsaventhetspots A5d fng@brane degraupqipn,ggg i9.qebydration;

5, 316, 869 as permotp}dvnspmw fapﬁedlﬁaﬁde&a-fme&blaem@méﬂmmwes‘havmg

with cell volta 5 e f ,sqm
in excess of s?"ﬁf?" ridges wﬁ%ﬁ%&mﬂ@%?@éﬁh&st{eﬁ%ﬁ%@ op current:y Jré(
avai | abl e st setured underreompeassion tg farmdye! cal ’Qc-ack of 35 active

el ectrochgm cal (’I%ldr&ltdejv&abi&mteﬁm fore&ﬁ swithin B dLieflcéll StRctha Btcommodates

[t s S e

vol une of 0. @andu. ft with a weight of 94 Ibs and a 3 kw output fromHerr]
.and gerr]. 10 gy otner objecé%ﬂ%ﬂeﬁt%m@ﬁé’éb&m@m FaRPgsalcidins sfhedihvelitiny

since they. are. briP MR & GRS mpbya e 2ol i ponsiroctee o S st L S48 BB
under 10 comprising a series of interreiated, integrated fiuid management (IFM) platelets. The invention aiso
includes methods for design, construction, featuring, assembly and bonding of the platelets into modular
polar separators (substack cell assembilies), and methods of operation of fuel cell stacks empioying the
| integrated fluid management technology platelets. Whilg particularly disclosed as applicable to proton
: exchange membrane (PEM) fuel cells empioying H, and O,/air as fuel, the techniques of this invention are
15 equally applicable to alkaline, solid oxide and molten carbonate type fuel cells, and to reformers used in
conjunction with fuel cells. A wide variety of other fuel/oxidizer combinations may be employed. suchas
Hy/Cly; NHy/O,; Hy/X, (X is a halogen); CH;OH/O, and the like. -
“The fuel cells of this invention are constructed of one or more cells, each cell of which in um
comprises a palr of bi-polar separators sandwiching an electrode membrane assembly (EMA)
20 therebetween. The separators may be either unipolar (for the terminal end plates) or bupolar, with one side
being the anode (H,) side and the other the cathode (_Oz) side. In tum, each polar separator assembly of
this invention comprises a pluraiity of thin plates, preferably of metal, plastic, ceramic or other suitable
material into which numerous intricate microgroove fiuid distribution channels have been formed,
preferably by etching, but also by laser ablation or cutting, embossing, pressing, punching or stamping
25  processesthatcreate through-and-partial- depthfeatures. Adjacent plates having coordinate partial depth
features (e.g., haif-channels) upon bonding provide gas, coolant and vapor distribution channels, typically
round or oval incross section which, by virtue of their continuous, sinusoidal and bmchmgconﬁgurations
are otherwise impossibie to construct. '
Whmtwowﬂ-polsmpwatmsareassembbdwimanEMAumbetweenﬁcompﬂsesan
" 30 electrochemicalcall. Anarray of aligned cells, when secured together by bonding or clamping means, and
| optionally Including sealing gaskets between cells, comprises a fuel cell stack, a finished fuel cel
in typical examples, the number of platelets to form an individual cell polarseparatorsubassembly
. of the overall fuel cell stack may range from 3-10 piates, and preferably 4-7. EMASs are disposed between
adiaosupolasepms.a\dpmfaabw“msmednmdemdmemmm The
35  presently preferred EMA comprises a 2-17 mil thick sulfonated perfiuorinated membrane coated on both
sideswrﬂlambmreofmiaoﬂnePt-blackmdcarbonblackhasolvmt. and overiain on each side with
a 10 mil thick 65% open graphite paper having a Teflon hydrophobic binder therein.
The integrated fiuid management fuel cell principies of this invention will be described herein, by
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To provide an,integra gﬁcﬁ cess for manufacture of fuel cells involving
phot ol |thograﬁ|‘@'5 %Luatyg ig Sut porous palymeric, grofan frghiangs membranes may el eovaiayedy
feature f typicallygutionated fuoronarboremismiranes from SowOhiarnigal, ABERI Chéigal, GtpeéHdlSont, with
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separ at or ?suc}'ul ngdt he Ru. nobie metal oxides or mixtures thereof and ed tographnte paper
20 electmdes. Altematively. megraphltepaperelech'odecan be coated wMthecatalystand bonded with
the membrane. A prefen'ed electrode membrane assembly of this type is available from H Power Corp
ofBeIlvalle, New Jersey Other types.of EMAs that can be used include porous thin sheets of carbon or
graphite, or catalyst-coated polyumldazole membranes. .
_ Whilea specific membranetypeand manufacmrermay provldeseme mprovementm performance
25 mehvenﬁomsnotdependentonanyonetypeofmembraneorEMA. Thenntegratedﬂuudmanagement
tecmotogy (IFMT) piatelet approach of this invention tsadaptabletoawuevanetyofﬁnlcen types, and
improved performance will result therefrom. )
Thephtelettedmiquepmntsfommgawudevmetyofmm—ehameldesignsforanyexterior
conﬁguahenofu\efuelcell. yetwnheccellentmermalexchangeawhunidnyconu'olformoreefﬁcaent
30 disﬁbuﬁmefﬂwgaeswnhmhdaoxygmsﬁwaﬁmmdbeﬁusteady-stabebcmmm
MmpmwvmhgenmeFMphtelettedmmbgyofmhmmtbnismatMmmufacMmof
thefuelcellscmbemmated,andanpbysphowlmbgraphcmdetchhgastampmgtechmbgym
thin.sheet material. Hapidchangescenbemadehmesepmmblydesm A single factory
cmsuppatawlderangeofhelcelldesmwmmmeneedforhlgnoutputordharltyrequ!redfor
35 production economy. That is, fewer fuel cells of widely differant design can be produced and still be
economically feasible. in addition, the capital investment is substantially and SIgnlficantly reduced as the
production equipment is close to off-the-shelf phatolithographic, masking, and etching or stamping
equipment. _ _
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t he | $PNtinyous e@dmﬁen dnwan@lgg@mm atRieboant o@yuiadtaing liing. s The/\itke mum-platelet
particul ar | ysafléwich 8 4R bdfdediidld.] GifialoR, Brzel WEIdA or solderad) under heat and pressure to form

15 a monoalithic separator. The electrode membrane assemblies are then inserted between individual polar
separator plates, the separators then stacked, and exterior end piates added to form the completed fuel
cell stack which is held together by tie rods, nuts and constant compression devices pressure to effect
reactant tight sealing. Electrical leads, reactant gasses and coolant water are hooked-up, gases sand
coolant water are introduced and the cells brought on line.

20 Inatypical 7-piatelet IFM bipolar separator subassembly of this invention, the platelets in sequence
are: | | .

Window frame platelet (to receive an EMA);
_ Anode flow field spacer platelet;
* Anode fiow field (distribution) platelet;
Cooling platelet; '
‘Cathode flow field (distribution) platelet:
Cathode flow fiekd spacer platelet; _and'
7. Window frame platelet (to receive the EMA of the adjacent cell.
There are 6 different plates, with plates 1 and 7 being identical, and each of plates 2-6 being different. The

30  details of etching and plate design described herein by way of example are shown to evidence that there
is no micro-channel collapse during the pressure bonding. In the bipolar separator example above,
plates 1, 2, 6 and 7 are each about 12 mils thick (before bonding) and plates 3-5 are each about 20 mils
thitk. Upon diffusion bonding the plates compress somewhat, and the total thickness of the resuiting
monolithic blpolatsepatator!ammateisabout 100mils. Thetoialrecessdepﬂmfacngwmdow piates

35 (the anode window side of bipolar separator number one and the facing cathode window side of bipolar

- saparatornwnbertwo)nsonmeordaofzo milsdeep TheEMAisonmeorderofzsmilsmickand is
somewhat compliant. The NAFION membrane coated on both sides with the mmdispetsed Pt-black
catalystlnwbon black is on the order of 4-5 mils thick, and eachofﬂmaoutergraphlte/leﬂonpaperiayets

25
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2 3- 6/ 12316 | - - |
PCT/ US95/ 133?996)/\2"% way of -exanple only, in reference F?@%’H&?’ar

bydrogen/air or oxygen fuel cell enploying a Pt- .. bl ack/ NAFI ON -
EMA, but are equally appllcable to other fuel/oxidizer conbi nations,; be
they |iquid, onbi nati ons thereof ~operating in t he

ase
t enper at ur e r% tOMF%H;@@ %%rr]c An i nportant
feature of the pIAko}feﬁturd@ﬁthgblatefetsdﬂtmsmmmmsOBusstnchmbmétloﬁafétl:r%a@ésandwater

|rrproverrents t jficatio
t he gases and pgnmpé@wane&%wgfgﬁ&m&l %Jgﬁ %’% ':‘} rg
the power outwqhnﬁplg!e%@? matingdages @dlwphmﬂﬁmmwmcmm
conpar ed 150 tdtfer in the stack), dhﬂlslirillal@rétcheh Weﬁaprnﬁ‘rawwemﬁamoma&nedﬁea@ﬂal sealing

pl atel ets are copper
stai nl ess ste wﬁ%&ﬁﬁgﬁ% J{%Sl tl%a¥%t gw%ﬁgdg‘feg{]ﬁm@fs?@l’e@' forme t hey
are then bonded t@#ea FRaﬂfﬂc'eﬂthlghWtDUW%ﬂQWEﬁMlceﬂsmmmbﬂﬂeeﬁandlmlratlon.

pressure (e. Gontrd tHerdf by dnllormagued.i ve gl ue, diffusion bonded, wel ded, 10

lo][ aéggi ;).;d:solcgg{ E@WOP%EQ&?”P%%& p?-o ar at Kol sgbasEePn%lgg’gand éher e f ter,
ar e t hen 1Pns egraphite eondystivityand ductiliny; limited SGM&QBG reactant Idemetlm.rﬂomrthemmmanagement
recesses, in i BeEM 5418 Rlchlical aslmér®feBriahdstave arldbalh.slﬁaleralu feriparallfeth idrarig6 Ll(s'aa

andaplural of the cells are edtoformfuel ceII sfa
The entir e assgé‘rﬁ'l"i? tPOPRRINES Mﬁ&%ﬂm@ﬁﬂﬁe@%wm 7BEe Py dAMAGIDG the pore structure.
sealing, e g. Simbwemmgpfﬂmlm/enhm&aveheetexdmdgemmnmmmnemhlumlaMms as
to-forma un 'oBﬁbéfeé‘B'oﬂe bdriiben ol/ake b5 separators in graphite PEM cells, our stacks can be scaled easily to
15 larger sizes since both the heat generation and control (heat exchange) scale with area. Since we can
easily tailor heat control to each type of membrane and fuel, and the mtra-cell location within the stack we
can employ higher performance EMASs, resultmg in hxgher power densities. )
In regard to water baiance, the integrated humidification in each separator maintains better water
balance as they are lndlvlclually varied to accommodate the different requirements of the anode and
20 cathodesides of the fuel cell. Water is removed from the anode side by electro-osmotic pumping through
the membrane and reactant gas flow drying. Water builds up on the cathode side from the throughput
of the electro-osmotic pumpmg and production of reaction water, which are both removed by all’/Oz gas

flow drying. _
| In contrast to graphlte PEM cells, the metal platelets of thls lnventlon are some 30 ttmes more
25  conductive, thus reducing the 'R losses in the stack under high current densities. These losses reduce
voltage and power obtainable from the stack. The lower mtemal resistance of the metal separators
provides a mare even distribution of current, thus reducing the build-up of hot spots and dead spots in
thecells. Graphlte separators are underoompresslontoeffeotsealmg. but pressure affects the resistance
of graphlte ina non-llnear fashion. This characteristic makes it very difficult to produce graphite cells with
30  uniform output. lnoonlrast. metalseparatorshaveexoellentmermalanoelecticaloonouoﬁvnywhleh
eliminates hot and dead spots. Graphite is porous to H,, O, andairwhlohredﬁoes'mechemioalefﬁcienoy
of graphite stacks because some H, s consumed in non-production direct oxidation.

Gmphmeseparawrsalsouaokwhmmeodlssubjectedboompmmbeﬁeotmesealhg
necessary to preventgasesleamge. the cells operating at 25-80 psig. The tendency to crack severely
35 Iumlsthenunberand size of the cells in the stack, and where one or more separators on the interior of
the stack develops leaks, theeleoticaloutputnsoompromlsedorsngmﬁoantlyredwed Metal platelets,

being ductile do not present these problems. _
Further, dlsmmpmtaspeotofﬂtehvmﬁonmatmelFMteoMobgyofmehvenﬁmpamm

«fe



15 cel sti%llhsm A wide variety of solid butPqEAmSSS4332s

pol ynmeri c proton exchange nmenbranes may be enpl oyed, typically
sul fonat ed fl uorocarbon nmenbranes from Dow Chemi cal, Asahi Chem cal, Core
or duPont, with duPont' s NAFI ON being presently preferred. The

nmenbr ane i ﬁnﬁlaabﬂ:dracuaacb plafaletdesien tosffiédd batermé-tnal markgement. That is, thecdiisin yreimiddies h

e e R e it il oy

el ectrode MmﬁlfsaﬂQDGMMQi celisat @dﬁﬂ'ﬁﬁ/@? the slaels plqtelet design. interms of
menbr ane. réai% Bhce/ cafitod, e&dﬁmkehmawaﬂé\ﬁnma:amwgﬁn dahbeeabilypRanged and intraabl e

from H_Power - of . I r S

hat cin it seen geingd i seirrpfiisa bl b e At s det it sls Bl By
or cat al ysiesmmﬂttedumwyawaﬁfamfleétewﬂrﬁ?m& an arctic design diffeﬂﬂger‘Iaé"’a'c%'p@@ﬁ ic
nmenbrane tyyp&adlierindaroR #pasd ddsigh®y provi de some inprovenentin perfornmance,

.ZﬁtegﬁQfeh”¥?u1ﬁxb°f{$ah§§gﬁéﬁ%g"ﬁede”‘w2%%ﬂ%‘o@@ fibfiin e P et s e

~this |nvem|dmfmmmhblewtmfmm(m cathotie; beat exshange gnehwymicification)
| npr oyg W feeh & and individually TWfhir it Sth&d to
technl que permts torm ng{ag ‘W dec varl;%i)y mrﬂv?# chann ;%eSIt‘gﬁ for any
ext eri or accommodatehe iR Hapk, arvspnment Bner iPRM ARG
exchange aotbuld)eig.cor the ordartof gleatBrothamor 190i64.{ i CI ent 30 d| stribution of the

gases with no ﬁus&@kaansvmwu %@&tﬁﬁélﬁbﬁaém&&w%ﬁ%ﬁhﬁal

out put npor tant advant a in the |LFM tel et technol.o y
of this |%tWPWH@('WW@"HﬁHW'Q’E?ﬂ9’gﬁ%&F better WHB“%UE f’

aut ongg ed onaaduaaabmn ptmtasmtahcgretsphumhmmm ingument channgbdesign: ainsntecs ogy

Subassenticy BAERRRR SR oo . Wiﬁ%%ﬁ%’%ﬁ?iﬁmﬁeﬁ

fuel cell dawognﬁeoaptmet iMé@ﬁ‘%rﬂ‘WMB channgismanifq Ipledndk o
35  prodiye iy RCAuSIMENd fedadign aaanrimrvanfymgl hthﬁor@foﬂlgﬁbﬂht;ddﬂdﬂﬁempmes .

233: ?Poﬁa%ﬁ@%egfﬁ&g@% Kt ﬂ%&ﬁgf an?’ Sl m%ﬁw reduced

as theo into agariesiotnaraliel cieaits inrwiveh theprecisg Peassuse ¢rops gande Shigingd. By increasing the
phot ol i t NRGHBEBF herallelEhiis, %m&%emw&mmmmmsmmuma
) sidewallfrictionaleffectsarereducedduetoshorterpahlengm
" While the currently preferred best mode of the invention employs window frame piatelets with
- graphite paper over the catalyst/carbon-black coated membrane to provide a highly porous sheet having
25 random gas dlstribution channels there through, an important altematlve embodlment of the invention
| anpbysawbompaper—lessmembmewhmmmﬂneholes areetchedmroughme wlndow pane
area'ofmewmowframetoeffectmesamegasdistribuﬁonﬁmcum Inproducingthewndowframe
platelet.mewhdowpmeareansdemedmmeappropriatemednalareasofmeplatematislocated
intetbrlyoftheouterpmedgas. (l.mesdeﬁnmghepaneareamaybedvough—etchedmeptforafew
30 thin bridges hokding the window pane section in place during piatelet fabrication. The bridges are later
wtandthepaneremoved orletfallout.tocompletemewhdowframeplatelet.) Thaopena:easreoewe
mecabmﬁbepapaupmmpressmofmemumeetmanbmewweenad]acanpmm In the
altemateembodmentmteadofranovmmewndowpmeareamateml.a “window screen"” area is
createdhmewhdowpamareabymmmmroumwhg meholesbehgonmeorderofsooo-
35 OOOIsq mmmeatawstcoamdgmpmtepapelessmanbmismmpnssedbawemmeadm

separator piates.



24 6/ 12316 '
PCT/ US95/ 13\%‘5!39‘5“%9“"9 By way of exanple, the mult iPﬁréuss?ﬁ%sé’tzg of

a separator can be accurately-:designed in |arge format,
phot ogr aphi cal | y"reduced and the plates stanped out*of continuous rolls of

metal or con sheet material. Aternatively, and in
t he present %ﬁ# %‘éﬁhb&;h%%%mgﬁé phot ol i t hographi cal |l y nasked _
wi th resist, et clibdinventibowilhbe Hesciittediinimonadatai by reference todhayirawingssn whiths

phot o-resi st mas gé}@gh%é fzﬁnﬁ | f@@m

pl atel ets cl eane?’ @%e ?l ni's t?bg E}r%u g[ré g%ﬁ%@% to bfior mépﬁﬁt
separat ors, [SMRedirgthe sriniplesofiihis W&Wﬂ%\aﬂg&d&p’ﬁ? &5 gpgration with HnanddVffe d

t oget her sinder h eRijurds ZA and 28 are scheiatic Section Viws throagh aicbled, oanurhidified Fiy 2APand a

form a nonol | ' . .
|t or nal i camisfied 8R0Sl A Y G SRR Y A dlrl Al B fice varaon poseie
to each ot hein numbernfpiatelgts yspdit he various gases and vvater or ot her
cool ant flow. Theigurd®is aetlodid BbmétricVidv dfacrcelbbudeaisently for 41FIT gl of 1 invention;

at nosphere at el ed [ Leh I ] . i

i trogen wi th ¢ nEEISEn PERHPRES) Kirferlf Ve orohé bk dRf ol 8k o an et
anti - cor tosi fusi celaf thiginventiomive titaniumnitride | ayer on all exposed
surfaces, includi ss-waredétiié‘d blﬁ%ﬁfﬂ%&&aﬁdﬁfﬁﬁ-m%&a&@ng4

Bont i nous EB?LS‘L%{sPdES e ot b 5 e e oSS o R Py Ema g woR scren:
entire nul ti (stanbee ad 7th cathode) sealingiplatelet; i s t hen bonded (e.g., diffusion,
- brazed, wel ded oggapls@RaRE 8B 48 4R roRERE badkLidaE SRR Erddl fiow &HPpacer platelet (platelet 2);
: 15 Figures 7A and 78 are the front and back sides of the anode flow field platelet (platelet 3);
Figures 8A and 8B are the front and back sides of the cooling platelet, 8A being the anode side
and 8B being the cathiode side (platelet 4); : -
‘Figures 9A and 9B are the front and back sides of the cathode ﬂow field platelet (platelet 5).
Figures 10A and 108 are the frqnt and back sides of the cathode flow field spacer platelet (platelet
20 o) : : : ' : _ _
' Figure 11 is a schematic of the fluid circuits into and out of adjacent mating bipolar separators into
contact with the membrane showing water, heat and reaactant gases transport therethrough;
Figure 12 is a schematic drawing of the electrochemistry of a PEM IFMT platelet fuel cell of this
invention; S - - ' : :
25 Figure 13isa plot of cell voltage vs current density of an H,/O, test 2-ce|l fuel cell of this invention;
Figure 14 is a plot of cell voltage vs current density of an H,/Air test 2-cell stack of this invention;
Figure 15 is a flow sheet of a continuous platelet manufacturing process in which features are
formed by depth and through etchlng‘ :
Flgun 16 is a fiow sheet ofa process for bonding platelets of this invention into monolithic
. 30  separators; and - '
' Flwro17isaﬂowsheetofmepmcessbradapﬂvdymmdgena'atmofmephotolmhn
anworksforndlvldualplateletdeslgnslnaooordwmmalFMTpﬂnciplesofwsinvmﬁon. -

BEST MODES FOR CARRYING OUT THE INVENTION:

35 Thefolbwngdetaileddeserlptbnllmstatesmemenﬂmbywayofexampb.notbywayof
' llmitationofmeprinciplesofmlmenﬂon.,ThisdescﬂptionwmcleanyenableonesldlledIntheartto
make and use thé invention, and describes several embodiments, adaptations, variations, alternatives and

uses of the invention, including what we presently believe are the current best modes of carrying out the

e



ER; ifs Sseparator. The el ectrode menbrane assenbl Uiz gen
| nserted tween 1 ndi vi dual pol ar separator plates, e separat ors
t hen stacked, and exterior end plates added to formthe corrpl eted fuel
cell stack mhich is held together by tie rods, nuts and constant

conpre55|q V|ces pressure to effect reactant tight sealing.
El ectri cal™ reactant gasses and cool ant water are hooked-up, gases
and ccﬂw amowmtmplﬁeda(stthemawcromm atfyst caliestack 1 bf this inuentiomerhploying 20

In a typi ga,% .f]r&ﬁ})+f%|ﬂ| . Slteid DipdRr EQda?a&oé SR, T Sd §b%%ﬁﬂ$ﬂeyan9fan&ﬁ' pipolar end

i nvention ets I n sequence
W ndow fr M‘P"ﬁ-@d respectivaly. r%"ﬁ'@ﬂ 9’@“9!?99 Elepyyode MembraneAssembliengAs) 5A0Roekeand Pow
fiel d spaamdigposddcietiesn the separators as showa. Air andAm Qg &s ilibtaia nidnididlsystbiss, H, Bw/dron)

pl at el et : 8&%?’3' mletvnamanﬁgtﬂ Fn&qalidm&sﬂn%mm%atamd%a@ . OVCVa]E ,hg?g

f|OWer| stribution e

spacer pl at el &l92aysin schematic Section viey the congtyustion of prResmbogimentsf bipolan separatemsi v e
the EMA Ob féried #einaoAted maabibts 10 for the nonTmIoiea versién O Fi§ @A,k pRitate 30 forttien

5™ et afraeyd Bl h 57 2 o B ERGHs o BlerBior i heiinBY ol bbShedhay o1 'c
ar e stbwnbe Gﬂtdwed meesmm;tsewm@y various combmams of depth-etching (Pediepthieaturg foaminglr i ng
the pressmoem trough fealiredRinfing).S PErkhriple, FI AR bIWS RONSlate conﬂFuratidhla%t es

Ly e wrﬂwswwéaﬁt“' ﬂ&bﬁﬁﬁéae"&ﬁg%%ﬁ%%@”d taitay °

conpr ess paimnfplatetets, enecinahasletspacet platéietakd the oneto theight beinglan amncgle flow. field platelet);

Gopt . n {28 Bcd-af 3Rl 180 o 1Pl iy tia Byl m“‘%" ek ool s s &
separ or PIvFaI FGEIAMt GRS By ATIAQYES f"ﬁ?ﬂ“ﬁéé'E igRIetoherony Q,qqug g, sicles but

separ at or ndl¢oiamunitating thraughiout thsie la:gﬂ&hspéar%nmzhieatdbgpvou&eﬁ%was); 108 i$ he

order of a%s[q“& ‘f#«fﬁ’d “a!ﬁ%%%rsﬁﬁ%wﬁh FI m ane

coated on ot %lQ!ES V\n%ﬁg m Cr odl sper se O&J?atae%stqn
car bon b|<erdv{nq°ynammwfm dhe battom of Fig 2Ajjustrates.a fplate grouRing: 19rd apd,1Qs5 are

gr aphi t e/ winddwkametP®inddvscrden platelets; 10-2 is a single platelet depth-etched from the anode side; 10-3

20 = isasingle cooling platelet; and 10-4 is the cathode analog of 10-2. Thus, the stack configuration can vary
from S platelets to 11 platelets, mmelatercase108and/or10FareMoplatelets.and10l)maybethree
platelets. . . R L

Similarly, Flgzsmayrangefrom:ior“ozo phtelets.savenbemgshown(SO—t through 30-7)
depending on the desired platelet configuration, which in large part may be dictated by material and

25 - manufacturing considerations, or by fuel cell or membrane type, but all of which may employ the IFMT
principles of the invention.. Thus, while 30-4 is shown as a single platelat-. it may be three piatelets, two
through-etched with an intermediate shim or close-out platelet. - ; s

Fig 3 is an exploded isometric view of two cells 15A, 155 internal. of the stack comprising
separators 2A (or 20A), 2B (or 20B) and 2C (or 20C) sandwiching two EMAS 5A, 5B. in this view, only the

30  H,(anode) side of the bipolar separators are visable, but as shown below, there are coordinate O, zones
on the hidden (cathode) side. ThelargemaszsAareﬂwacﬁveareasofmezsArapresenﬂngm
anode side and 25C the cathode side. Anode humidification zones 35 and cathode humidification zone
40 dre present in the separators, and described in more detail below.

The EMAs 5A 5B mMecathtcoaedmzaA.zsc.mpwdmeacﬁvemzsA

3B - C meaea37.42mnmmwstcoamdmeammmmmmmemum

zones 35, 40 respectively. Nignmentholesandmanifoldvlasmevidentadmmemargmsofme
platelets and the EMAs. _ : SR :

Fig 4 is an exploded sometricviewofa?-platelethunldiﬁeleMTblpolssepntorzoofmis
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WO 96/ 12316 | |
PCT/ US95/ 133¥9,96/12316 is about 10 mils thick. These fit snFWUIVIINE

w ndow.frames, -and, upon the.pressure sealing of the polar separ at or
pl ates, ‘the EMA corrpresses into the 20 mils deep W ‘Wdow recessesi~ The -

hi d d
ane G st r P iy Rering peael§ B Bfend S AARE B bl b AR Bt
el ectrons awmyﬂmowrﬂcmepbabﬁl(ym@ﬂ frareg-bdingrshewn)cwhichrmaytinciusie sealing fidges (not ShOWﬂ)
menbrane Menghdaons euttda& maSacuvel k155, e ﬁdﬁﬁdiﬁ@@a%r@ééraspk@tﬁdfﬂuné i trdpersdS

fuel cell el ctrlc out put ctrons r e external
CTeutt vi s PRURSE TRt casnd COa HavEiche The feaar s o2 66 SRbrssear tcned i
el ectron® frmaphhumlands of the separator plate to the catalytic

reaction sites o oEé\fE‘theanodeﬂowf‘eldspacer f-nb\ﬁrlg %Mg&hﬂnﬁeﬂ?&rﬁ(vfa@
separator stack nust be_term nat ch en e a
cat hode uni Fﬂﬂpg'r'et%"@ﬁ Manifqlds ad ﬁﬁ'ﬂ"@‘ W’&’F‘%‘F’% Bo‘gé? 9%5 thesthioygh-gigheddrapsverse

. col | ector. Fuorder passages puhaﬁfousadeoordxﬁate wiﬂeqheseedf prateletmat eRizgtbiet 30-3is this angtie AW

used, and f o :
uni poI ar pI at gf%sepa%rs are encgé%ég ﬁetgﬁqpﬁ;?ﬁof&m*t 32'220

m ) sollPd dfitelsh3thdds theepoling pigtelet with the anadisid ewwﬁmmme@wdtmeﬂm '
rod conpr es Sdookhgendhaidinfalf the active area. The nonsitiidotiverse Sidé¥ids \¢athdedDAngG cHdMREIS, ald0

O oy RN Ao e B, Pl 365 UM s o
1. Anode W'ﬂ"cﬁﬁpﬂ‘r%qhad G'@ﬁnaﬁ P'bﬂi'Pl"BYﬂfsepﬁ'Qﬁ @tdﬁible in Fig. 4, but the analog of platélet#30r3a g
mani fol d pl aRdi&30-6 is the cathode flow fiekPspacer platel it fouii-aikiRddthanne’ bbdidiRdle RiPSIRe
z'nge NG MRy O ioh-HoRdciad A9 Y&i-ef2Red t2lls MGG 00 @ Blatetet 30.2. Piatelet 30-7 is the cathode
. window frame (or window screen) platelet having sea!mg ndges as described above for platelet 30-1 on
the obverse side.
Figs. 5-10 are a series showing in plan view from the facing side of each platelet the details ofone
embodiment of the mrough and depth-etching features of the 7-platelet bipolar separator plate of Fig. 4
20 in-accord with the IFM principles of the invention. It should be noted that the progressnon of plates is as
shown in Fig. 4, with the figure designation -A being the front of the plate as seen from the anode
(foregfound) side of Fig. 4. However, the -B side is the non-visible side of the respectivé platelets of Fig. 4
when tumed over. That is, the views are all artwork or plate face-up views. Platelets 1 and 7 are
essentlally the same with the exception of when seahng ridges are employed, Fig. 5 being the front of
25_ platelet1 and the back of platsiet 7, whilememlrronmageof Fig. § wouid be the back of platelet 1 and
thefr_ontofplatelet? Fig. 5 shows the embodiment where gaskets are employed to seal the bipolar
separator to the EMA. Where no gasket is usad the front of the anode platelet may have a single ridge
that is aligned to interlock in a groove between two ridges on the back of the cathode platelet. Fig. 8
depicts the anode-facing surface of the Anode Sealing Platelet 30-1 and the Cathode Sealing Platelet 30-7,
30 alsocalledwndawfmmeorwindowscreen platelets. This surface may have 1-2 mil sealing ridges around
meintemalmmifold passages (the rounded comer rectangies) and the fiow fields. Thema;orfeamresof
tl'usplatgleta'emeheelsgerectangles. meserectanglesallowspwetocomprasswelyracmgfaphite
paper of the membrane electrode assemblies. Rectangle 25 is the Anode Active Area Flow Field cutout
(or screen area). The top left rectangie 35 is the Fuel (hydrogen) Humidification Fiow Field. The top right
35  rectangle 40 Is the cut out for the Cathode Humidification Water Flow Fieid. Transverse through-etched
 reactantgas (12, 14, 16, 18) and coolant (22, 24) manifolds are arranged across the top, bottom and sides
of the platelet. The smallest manifold is for fuel (hydrogen), with 12 being input and 14 output. The two
middie sized manifoids are for water cooling and humidification circuits with 22A, 22C being inlets, and

1l



4, Catwode1ew fiel d (distribution) platelet. 20  AddiPCTOHSMIB2S Wi ndow
frame platelets can be used on each side where an inset EMA is used to form
a 6- pl at el et bi pol ar separator sub-assenbly. It should be noted
that in place of the wi ndow franme platelet, a doubl e-si ded conpli ant
gasket Imegig 240Beingsutiets.CThe tWdiage mzhitoidsiare fddrl(mqlgen) pith 28 beingan iniet artd 18A/8B
conpri se- ggﬁé I at el ets dependi ng on whet her the optional w ndow frane

pl atel ets and for the : - . non-hum dified enbodi ment the '

bi pol ar separ mmmmoweeat@amuaﬁmpsmweemmmmmkﬁglm WO

25w ndm 88, aé)elneelrsamfa’uhmwnemeﬂaghdmmmwwmmmemdmgcan

fl
o OCl el Al BhGRL Ah B st N tblia o G B Hfnak BRI "
separ at or plgtelet a secmum ghe ﬁfatﬁtmmgﬁ)etqhss tbﬁ mepytoids fighd, ialigsmentand i rod holes.

t hi cknessm ng YoPhS the ridgesl! 4-8 oz (110-300 grans) depending on the

Cepar at or / kuPlr = OLF%}WE%%&%’@W%%%F? Rt s

conpr essi 8h S&:mgenu@aramw toprecisely gigndhe matelgtsslormm:tmgmg mogess.am laq@ls of b8 and

_ tz(l)lg Sﬁlr reg%edﬁ?ﬁ r?fﬁ%m,mgeﬂh& fuel c I ft jSBOf
st ack. SRaPigyed, Jhe frent of plateigh30- '%§°5l§'r°' F’tﬂgea@? ll"‘&l?ﬁ é’% tg

out put at Isﬂgaanﬂlmwwm’iﬂtmpaamieed@hdgadmued above separ at or
sub-assembl | e kgﬁlonﬁ ﬁ%d%ﬁ#-&@&d{c&‘ﬁﬁéletﬁo@%&h&lwes

triangul ar |n8ros I n height is
etched orfugdysmgen flow fidd df. fhygregen) hupigification field 46. Jad c3hqde water figjd gﬁ?ﬂ' 35

t he r1sdgenumidifying tHelQy, oh fHecaihoeksiod df thetriembraned Tese tainaeisdre ddsignedijoaptmize the

'fﬁﬁaéiézrwéljﬁ%%ﬁ%d%s”@ﬁ%&afsWﬁé%%ﬂl‘&kﬁl‘w@l oI e
thi s i nvestenied transuerse manifoidefoefgl (ydropendais (ryasniApd watgfcoolant, f2, 14 11& 182 288 ‘fl on
to prowciﬁ.oh[we@g , via the steamshift _process errpl oy| ng an -~

Emfier oxi di ZEdThl?sur nehggsouéeplctsavery mportantaspect pfthe mventlon.thetabsSOwhncharedepth-
20 etchedas compared to thechannels 52 which are through-etched (in this platelet). and tie together the
altemnating, spacedlands42 AsaanbeseenhFlg. 68 thetabsarenotvasuble butthechannelsszand
spmerlands&are. Thetabsaredepm-etcl'ledawayontyfrommeback(FlQ.SB)Sldeleavmgmemon
the front side. Depth—etchlng is approximately 80% of the full plate tt'nclmess. Through-etchmg is
accomplished by depth-etching, via appropnate masklng. lrom both sudes ofthe platelets. Depth-etching
25  isonly from one side. 'l'hesamelstrueofthehumldlﬂcatm ﬁelds 46and48. The Fig. 6B backside also
~ depictsthecontinuation of the through-etched flow field channeis 52, and the various manifolds, alignment
* holés and te rod holes. Tris platelet does not exhibit manifokling to the H;, O; and water inlets and
outlets.
FIg.?AdepictsﬂtefrontsideofmeAnodeFlowFleldPlatelethavhgasenesofdepm-etched'
30 pwudmebfamhgmehydmgmachvemﬂowﬂew%hydmgeﬂhumuiﬁcaﬁmaea%md
cathode water channeis 91 in field 49, 111esechameb523ndlands54&epreciselyallgnedandmatch
the flow field channeis and landsfomdhtheAnodeFlowFleldSpacerPla&letofFlgs.eA. B. Also .
_ showngupmhlsplateletaedepﬂt—ehheddlsﬁbuﬂonmmmse htoandoutoflhe
hydrogen humidification flow field 48. (Tofollowthel-lzllowlnmeﬁdds.alsorefertoﬂg.u.) The H,
35 flowshlromtnetrmsvelsehlet12mroumalstrlbutlonmanlfoldm(Fl9.Wupﬁeldhletvlass1 (Figs.
| nmmmmu,mmumuoncmmez(m.w. which are shown as 8 sats of paraliel
sefpentmechamehcomprlshghydrogenhwnldlﬁeationﬂeldm TheH,exltstheﬁebatnearmo%
humidity through outlet vias 63 (Figs. 7A.78)totheoutletcollectionmanifold64(ﬂg. 8A) to square via 65
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PCT/ US95/ 13?2)9"12316 steamto produce Herr], Qferr] "an8i
A key feature of the platelets of this invention is.the use in corrbl natlon -
of etched gas and wat er " distribution channel's, forned in

corr espondi ﬁ'g‘ﬁdaﬁq'%g’ QQ'DL?.&BWS ‘;@r&d&n Sadistiuti 'n‘anﬁgld W fridiaRctleQctive field

opposed- mat i aces ting races o acent pl at es t ha
each ot her aﬁdﬁﬁﬂﬂ@@ﬁ%“ﬁgswiﬁmﬁﬁﬂ@g?wﬁ“am& ! %’Pgﬂéd
del i very manhioRgttisdensiid &Dﬁbmbmqgheihiﬁst&dmm&smmhﬂmmmgetﬂ Themanrfolds

ri dges on the |%_ler|‘ac§here¥I Mgpgdrg@%ﬁ%?@ggﬁwy bggmeﬁamtmsﬁg 1,

assenbl i es. -out operation o
PEM cel | § i Wt@mﬂs mﬁmeeﬂ%rﬁﬁgﬂﬁ'ﬂ%w&ﬁmb% and °°“°°t'°“ wenifolds permits
thereof by URé brE&Iréa®PS ki \ow rates to be precisely ¢6htfole)t THEbds fan,263, 5 ahs manifdidsi in

Ponduct: vi ﬁg%uéﬁﬁw%sefha;%ﬂﬁ% BESpHindepd @ Bl fisca¥l rok hatlbaiu fates.
E;(r)rgre; nte QeL g;%c nﬁ%met;; b:;l;t;:theﬁmqalfmm mtmmﬁmgj ?ggwetm
6 fat Wﬁe H, 306 Mled12 aHd-depth-etched
danmgi ndot ﬁﬁ%@pf@%ﬂ%&mﬁ’%w mijafeataraci o 28t e HpuFRias LB,
have heat exhdioutpie to deptitétched manifoldfa4fig.BA) comrawiicatingvia square fepdihcla (vip) 654a the inlet
conpared to ri?é)aﬂolbﬁ& Wﬂeﬁ 4: ﬁ\eﬁ-f»‘ Bﬁﬂeﬂsqra%ebwha@hhﬂaﬁw%w &bt tansveis hole

stacks can be sca | arger sizes-since both the heat
generation add control (heat exchange) scale with ‘area. Since we can
easi |y tail or haaFige?e)tithddecooiantwiterisiniet abtranswaniainaie gnanifald) 22@and hatwhterloetiet from

intra- ﬁ’g%‘llcel %%/Zé ﬂ%@”ﬂfs%ﬂdﬂﬁoﬁ&&ﬁlﬁs‘fﬁ% TA) then, aﬁ@gut%mh%ems%gh vias 7|2 73 to

perfor
regard to \wamanifole 24 (Figs 8A) am%eut Vﬁ@%wm'ﬁaﬁq:-dﬁ-‘m 4“'692 i ﬁ"@?ﬂf’%ﬂ%@”
Mei Nt ai NS bl tegifibified air inlet manifold 76 (Fig. 8A), into the air (cathode) humidification zone 47 (Fig. 9B)

out the depth-etched air distribution manifold 77 and down into the cathode active area 88 (Flgs. 9Band -
10A) through depth-etched manifoid 78. The spent air is collected by exhaust manifoid 79 and it then
20 flows out through the transverse manifold holes 18A, 18B. '

Fig. 8A depicts the front of the anode and cathode cooling platelet, with two sets of three depth-
etched serpentine cooling fluid channels 81 coveﬁnghalftheactiv_eﬂowﬂeldareatohandlehalfﬂ\é
thermal load. Water enters the serpentine 81 through port 22C and exits by manifold 83. Hot water then

* passes through vias 70, 71 (see Fig. 7B) into the cathode water field 49-(see Fig. 7A). Water molecules

25 diffuse through the membrane to humidify the oxygen on the other side of the membrane. The water exits

through vias 72, 73 (Figs. 7A, 7B), is collected by manifold 74 and exists the stack through transverse
manifold passage 24C. '

This plate also shows air/O, inlet manifold 76 and theardustnbutxon mamfold77and 78 which are
pmedandttwwgh—etched as can be seen from Fig. 8B. Likewise, the spent air collection manifoid 79

30 lsmmum-etc!\edmmisplatelet(plataletawofﬁg 4), butallmraeareonlydepﬂ'u-etchedonmefacm
" sideof platelet 7.

Fig. asdepbtsmebackofmemodemmcooﬁngplatelet.mebaclcsldebengmecathode
side, mdsharassmilafeatureswlmmemepﬂmmatmmaamdepmmmdisﬁbuﬂm
manifolds 60, 64 and no via 65. smcamlssmemaesldemewatehletlsm the serpentines are

35 w.mwwatacollecﬁonmar\ifoldlsazandmewataouﬂetmmﬂoldisﬁ. The manifold 82
communmteswuﬂwanodewaterﬁeldabyhotwatawasu.as.mdtl'lewaterexltsﬁeldmmroughvias
86, 87 to the manifold 75. mesapmmsommmmmﬂofmeheabadmmeacﬁvearea

field 44.

13-



bal ance aWOQ##23tr e i ndividually varied to accommbdat e t he BCITNUS9SA382S

requi renments of the anode and 20 cat hode sides of the fuel cell. Water is
renoved from the "anode side by el ectro-osnotic punping through t he

“menbrane and reactant gas flow drying. Water builds up on the cathode side
fromthe throu@ﬂfﬂﬁdeplctstheff%t“tﬂ? El%Fugﬁbtele&wmm-agcma,plemmm of

(r]I eaction m&%ummmm@owl&mmum abWelfdsitiethrBidhte | sem |

rylrn S e a

01t obet s (5 e 14 oyt S et EBRepiabo SRR RRA, B i 445 feoﬂnmwmweg
reduci ng tOginid{ wiasrgpRorliniet 960, lOrth Qghustidification fisler47 HFig 98 andr utiét vihe 196 irbm atss 0, '
These bosm.&.ﬁl&mmr Thehlllﬂldlﬁéélé .ﬁlennmaleeommda&aw.ﬁof émalag&w shddias e

| ower intern stance of the netal separators. - oV nor e
o o o, 5 e o et Ao i O 3 B st sl 78 o
dead spot S:utmeoztransvers¢marﬂfeld$ts8A.Baaph|te separators are under conpression
to effect seal IE@E@ i.fe
in a non- Ilnea'?a%ass%& %?hgéfg%ﬁedﬁ ﬁs"?’fc ng es {&[a ao'sdpff'ﬁ 48 B{Jlé
produce griapegous °I'5°"§\P’( fhe apode fiow field piatsiet fplat I3H'3cqrﬁ‘9 a@.te’m%mi‘l ""9 0,
" separ alJorsednmaeaeaehbmghumbmmmaabeewmoaoopmém%wsr@hen due

| t d
ohi oh 6 3o B ncdbalckiy BAR /G S llirloire o AR, ficke i §'skebantfle i, 0 '
some H er @ye {8Jorcyn 9, passes ms\emmmem tbpwtueletcmnm 7®fffig. 8A) to inlet vias 88
G aphite wagQbARAIgE) amﬁmuhnmﬁaéémoﬁehkmbanﬁ%@ﬁsw 780 ' to

fFig: QARANE
e ¢ i e g ren SESERR I S BetbiFle BT Aot €
nunbetS and0Gioke wausmplmm manifoidk 79 dFig.t 9L &nd thende mmmmmmmomleqsa BAt Or s

on the intgsi RE nélbd above, meﬁellﬁﬁtﬁféﬁd%‘éﬂ&a&-étﬂﬁ&?od H@cl%ﬁéiéédd%%m%laﬁ“t
S corrprog aed or significantly reduced. Metal platelets,
ductile d t present these problens. .. . Further, it is an

i npor t ant  asp &g 10K deplcts the feoptofite Cattiode thfteulaweeemwz tbtbugﬂqetcheu‘cashelon
permts flow fields 47, 483na98asdescnbedabove. mlsplatelsanalogoustotheanodeﬂowﬁeld spacer
20 {piatelet 30-2 in Fig.4); except that the serpentine channels are designed for the O, to mlnumze the
pressuredropandmaxumzeﬂamate. _ , :

Fig. 108 deplcts the back oftttecathode Field Spacer Platelet (platelet 30-6 of Fig. 4) which is
analogous to the front of the anode spacer platelet (30-2 of Fig. 4) in that the depth-etched tabs 50 retain
thelands 102 betweenad]acenttlvough—etchedchannels 94 mmeactlvecamodeﬁeld 98, thechannels 93

25 ofanodewaterﬁeld48andmeoxygenchannelsasofozhumld|ﬁcatlonﬁeld47 Thelands.channelsand
- tabs are formed as above described.

_ Fig. 11 lllusu'atesthehydrogen oxygenandthe humldlﬁcatlonandooollng water circuits through

a pair of separators, the ancde side of a first separator being labeled Anocle'andthecamodesldeofme

. ‘next separator in the stack being. labeled "Cathode* with a water-permeable EMA 5 disposed.

30  therebetween. Themnbemgofelementsiscodedtol’lns.aands-wabove. Notethehydrogenmput

through transverse manifold 12 is first humidified in channels 52 ofarea48byhotwata'molecules

mwwammmmmwmmembmmﬂmanodewaterchannelsss(on

mecahodesﬁenaea@bmehydmgmhunﬁmcammmds&nmmmﬁceﬂonweaaow

' mmnmmmmmgmmmmumms?hmm«mmmme

35 .manbmesecﬁmzammesshydmgmammmwmcauenwateexﬂsommmmmmﬁou

.14,
_ ThemodewateroomeehﬂtroughhlettamversemannfcldzzA.isheated ntheserpentlneheat
entctlangasowhereutwlmdrawshalfmeheatfrommereacth'lgl-lzando,hmechmnelswofactwe
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ef fect better thermal nanagenent. That is, the cells in the nmiddie
of an uncool ed stack do not have the sane thermal environnent, and
accordingly not the sane - hum dification requirenents of cells at or

nearer the e¥eR28Andidgivesshet watemiedhmembnan 7deam ghanndi93 iprared 48¢ The cathode water
relative anogifrespondi @méwmnmmmdb&bmn@nm in6 M8 WibnaRlGes 189 3nd

can be easily . .change n |nt osi tion d flned to
accommodat e 9!1"@"3'8 HS" @'P %‘fhﬁm{eﬁg‘ 35951991398\'0 t walprdliffuses agross fhe
~desi gned t o rsanifold armsruwamnddstglcm up Ry iacomihg cathode air mmaannelamlnmtéawdam'eg:mr

differing frgmpdamgmmbpﬁg and a subsea differing froma space
desi gn. Th) s flexi bllltéof desi n the capability to tailor

the confi gurati oneSHPISAF femeshruanint teRsyeem nifoid 16, is fyrpielifiad ip phannels 89 of area
m cr ochannel4? by thebetwiathodeweatér irt dlnannalspa mrnme passihg vaponbrintalsuiesAIUGH i Med Brang

o1 001 ess i vol Sz et CRCITANG Bhsss SroRRShth ol it achh 6l ol g e o

intra stack B'Fl?Pé'r{?a"ﬁ?ﬂP %HW@P&'%"%"@QGP’P’@WW%‘%{ scal i ng to hi gher
power 10 outnmataeneee@ctnsmmmuﬂmmmvmmmuéﬂmtsﬁabﬁﬁkmmmem

Th /

G st e but s o Hsainof SB R\, SRV YASLe S e Rinfifard s Wil ! X5l o e
in providi ngn%qegﬁﬁmyaﬂﬁefommfmeaﬁweeeeﬁévmﬁmmqm@ndw@nmeuca@mm
on air due mmmmﬁsﬁmmémm&cwmnhkmmiﬁm%

ot ot el < ARRs (TR0 B o Rl g e WeF ke ofn e Freriy

same 18 s@:pletlon effect is true of Herr]. In our |nvent|on t he

shO(rjt er series Wﬁeé&\ﬂ‘l%ﬂ&m imdgﬂ%m@o@ﬂnwﬁhopamn in which H, Toh&ude%iib& ds‘idé
w dt ey Bgaebecan) clbabd RE s Bhetcht dichel By pe it s itiodd GHodl e
current ]1: uefesyiting two hYd'iatemP@tOmWﬁmwoﬂ ?retdww-bmtbdlywmpdadmnﬁhmewatemmwﬂc
S crnog BT M 1 A e i
pressur o by 2RO I 0 ge2nd; lowae segtions pfFle. AR depit the
counterﬂow humidification mechanism which is a central element of this invention. The electrolytic
membrane serves adualroll as asolid electrolyte and humidification membrane. The upper section shows
oxygen gas on the cathode side beang humidified.by water on the anode sude. Conversely hydrogen on
the anode sldelshwnidlﬁed by water on the cathode side.

25 Figs. 13-14 are graphs afmeoutput,mt_ems of cell voltage vs current density of actual test fuel
cell stacks empioying the IFMT platelet principles of this invention. In both tests a cell having 2 cells
employing 7-platelet separators as in Figs. 4-10 were used. The active area totaled 129 square
centimeters. A pt-black in carbon black coated NAF!ON Membrane Electrode Assembly from H Power

. Corp. was employed. The operating parameters were: T = 95°C; P H,/O, = 15/25 psig; fuel H, and Oy

30 AsshowninFig. 13 the cell voitage vs current densily is essentially linear between 9 vat 50 mA/CM? and
4 v at 830 mA/CMZ. The cell pmdwedatthisrateforahrs. Thetestwashennhatedduetoﬁme
ccnstralnts:notduetocellstackfaim

’ Fig.14snowsmeresu|tsformemecenoperauedwimH,maaratapressureofzslsomlgat
95°C. Theoutputislikew&eessenﬂallylinwbehwan 9vat1omNCMzto .4 vat480 mA/CM2. Thecsit

35 produced at this rate for 8 hours. ﬂletestwastammatedduetoﬁmeconstahis;notduetofueloeﬂ '
stack fallure. | | ;

Fig. 15 saﬂowsheetdepnctingmepnnclpal stepsinthepla:elet mamfactumg process involving
feature formation bychermcal milling (etching). mestepsareafolbws. |
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si de wal | woveniseal effects are reduced due to shorter pat rCrArsgs/iaszs
Wiile the currently preferred best node of the invention enploys w ndow
frame platelets with graphi te paper over the catal yst/carbon-bl ack
coated nmenbrane to provide a highly porous sheet having 25 random gas

di stribution channels th%ﬂmlmwummmmatdckmmebWb of

hol es. ar o Eoieton 120 o AR Gafly el hat RS ol iolfBiE e IRGR Y. anf e 0

to effect F?P@"@!Hl’ﬁ!“‘@'w distri butlon function. In producing the wi ndow frane
pl atel et, the w ndop paneLATERET STOCICCLEANING ANDIDRYING: ' Ristsibttock BRebiandd 130 fRS

-of the pl
(Li nes sﬁe?lﬁat%@%"#ﬁpane 5§ioping, cooraetil s ol Gl bl Gerdh Bliodl it T
thin bri dgeScess remoNes @Mﬁ“ﬁﬁmg&‘lﬁg ereeaeuaaﬂlo-hn Afier slegrezping; thrplateletissubjected
fabricati Olaanilhendmaliaﬁa wmpmbyadmemﬁsblmnmwmmmbet

the car bor" PR ik bipl %3%%%’90&?3% 1o BB 5 P oot

adj acent p$higride f36-45 degreeRaume’ atmmmmlem@ﬂmglsﬂimwhm ng

tEe vvnmgovvha welﬂmemalmprbllamawemnh h L ~ create In

t he wi ndow pang_ar t chi e hol.e

order of SOOOW%@% tﬁe%ﬁsw#ﬁpﬁg@ﬁrgsl?a ?E\Wﬁéﬁ%%@ﬁ& ess
rrerrbrane |asldl€oirpr%@§dbdm ween t he adjacent separator pl ates.

- 8- © C-1. WETPROCESSPHOTORESISTAPPLICATION: Wetprocessphotoresistaliowsthefinest

resolution of details due to the thirness of the photoresist tayer. Wet photoresist s typically applied, 135,
18 using a dip tank. Small platelets may be spin coated using spin coatlng machines deveioped for the
sel'mconductor lndustry :
‘C-2. RBISTOVEN Wet resist is baked (cured) lnoven 137 tofrom ahardreslllentlayer
c-3. ' DRY PROGESS PHO‘I’O-RESIST APPUCATION Dry photo- resnst is used wiere
. tolerances can be reiaxed. For&xelcellseparatdrsdryreslstlstyplcallyused Dry resist is peeled off a
20 backing sheet and bonded, 139, uslng a heated roiler press. 111e roller press is similar to those used in
meprlntedcu'eultlndustry Therplllng processautomatlcallypeelsoffmebaclmgmatenal from the
photoresist. Typlcal dry photo-resnst matenal is 2 mil 'Rlston 4620' manufactured by the duPont
_Company.
D. PHOTO-RBIST MASK UV EXPOSURE. Platelets are exppsed 140 using a UV contact
25 posuremachlne. Carefulattentlonispaldtoprecseallgnmentofbohsndesofﬂleanwom
Registratlontargetsareusedtoaldmisprocess.
"B IMAGE DEVEI.OPING Theexposed plateletls passed 145, lhroughadeveloplngsolutldn
andoven. Wetprpoessresstlsdevelopedlnahydrocarbondevelopa'. whichremovesuneured resist.
~ Typical develoner is "Stoddard’s Solution®, part number ew 325. manufactured by Great Westem
30 Chemicals and Btdylﬁcetate. partmmberCAs 104-46-4, avallablefrom Van Waters and Rogers. Wet
pmcessdevebpmentmeshesesoluﬁonsﬁ:llstrenghatmanlemperaue After exposure to the
develophgagemsmeremamhgwetresistlsrebakedtofenn areslllentlayer Dry process developing
uses duPont "quuld Developercpncenllate partnunbern-woo. ina15% solutlonatso‘F
| F.  SPRAY ETCH TANK CHEMICAL MACHINING: Developed platelets are etched 150 in
35 asprayetchtank. SpmytanksareprefermdlodbtanketchersduetodahlgherhoughMrates. In
spmeeesesflnerresomondenbeobtahed wnhdlptanketehersihancanbeoblalnedfmm sprayeteher
i Theetehhgpmessisveryssuﬁvetohesﬁengﬂwofﬂneﬂhﬂsoluﬁon. speed of the conveyer belt,
spray pressm'eandprocesstemperaue. Preoesfeedbacklssonmeseparametersismahtam
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PCT/ US95/ 13 BRI EF DESCRI PTI ON OF DRAW NGS: : The
nvention w II be described in nore detail by reference to the drawi ngs in
whi ch: Figure 1 is a schematic section view through a fuel
~cell stack egiphgypReudtoRhAbFborihuds Al &e&aﬁsg,gar BRI s
principles O?\P‘nﬁl g | nvenhﬁlgg 'ﬁart I.cul ngr Oﬁgls%ol'rneoperat on %\E 8
and Air/Jertp h resuits. . Either; W%’?"Eﬁ%ﬁﬁ'ﬂm aidsoltionip-Hsedcasdha-etehant. vﬁeem

't hrloughf a Icoaitorﬂeislnsw-fbrlcapn& “alumd\umFargs%)esﬁstdeiadF/nMcacadnshsemrf]ditifah@d Rdteitanium
r n
cool ed Tue ﬁﬁposgﬁ% d3h&hfritohs ﬁ:ﬁ%r n%% Rfs?'i-ﬁ-‘ %ge{bﬁfs 5 1 é? D Whoa B etching

w devar i at i o

Fi gure 35is Bmpsplusgér t-ﬂag'wnererapﬂ 3¢F eﬁ?" 91“3"6{"% typical éagiic qhiordanencentrationsiare BOHS"
fuel cell of B4R’ Withipg\tthmig;temperature maintained in tHeirdiide 6f 86-180'F. aMe 8peifie 6@ dentration and

| SOMeL {10 V1 ol NS HIRD 8 Ut Bt i 3RIeR. D s B3 i o

10 fuel thrs i nvent
pl'an vi ews df'e Ryrebee ptrstiveRiGhing danks, Bypivalistoiecs|ars buillypeiram indlividsial gtehinganks joined by
Fi gure 5A i sa édmmdr €oibveyer) OTybpical dithirds Qe avalldbi ol Sl tdﬁ§ if{ of MGunYde8AV4nd

ol at o1 o0 "Gk orstae opegt 2 PR Wit R EUTEN .

the anode f | Thcascatievashercemoves encedsatchansipriordb inspeRtion. 15 Fi gures 7A
‘and 7B are the fgont mrnhdmbmmdﬁ Pﬁdﬂﬁe@ﬂ@ﬂ?p&ieﬁ‘éh%b%‘f&d@h&iéﬁ%ﬁtﬁmdlges

(pl atel et 3) ures 8A and he front and

of the cool i Ha"ddi"a'f'a"%'{“é’ﬁ%%‘rfﬁ ke ?18'88°s§|"l§8°°t'°"ﬁwpmyr?aﬁ%ﬁ%é'?‘fﬂythe
‘cat hode side (pltht el ATRIPRESIST: Wet process photoFésigtiis etipSed 150dsmyimmacarbms&tppatat

and backssi ¢egr.0fa dulisid Eﬁé?l‘l"sfripelpinmuﬁ'rtbﬁrl s 1% ﬁrtaﬁj Alpha M?talsl f

Fi gures 10A and 1 B are he front and ac sides o ode
spacer pl at aa ry2p50ces%p hoto resist is stripped using a commercral strip solution such as

'Ardrox part number PC 4055, manufactured by Ardrox of La Mirada, Califomia. Ardrox is diluted to 1~
3% and used at 130°F. After stripping the platelets are cleaned using a cascade washer. hal
1 FINAL INSPECTION: Visual finalinspectionis performed 165 by measuring and comparing
20  with the critical dimensions 162 selected during the CAD desagn process This mformatlon is fed back to
‘control the etching and design process.

_ The finalized mother sheets of platelets 172 are placed in inventory 170 being kept together by type
oringroups. Note the roll stock is typically titanium of thickness 4-25 mils (depending on platelet design
requirements) 36" wide and the platelet blanks are 6°x8*, so that in the continuous feed process described

25  above the platelets are arranged 6-up, that is, 6 across the width of the sheet. The platelets can be all of
the same type, e.g. piatelet #2 (30-2 of Fig 4.) or in a grouped seres, platelets 1-7 (30-1 to 30-7).
~ Fig. 16 is a process flowsheet depicting the presently preferred method of bonding the platelets
into monolithic polar separator assemblies. The platelet mother sheets 172 are withdrawn from the
inventory 170asneededandprocessedasfoﬂows.

30 A _ CHEMIOAI. CLEANING: Fuil strength etchant at room temperature is used to clean
platelets, 175, to insure an oxide free surface for bonding. Afterclemingtheplateletsareovenbakedto
dry them. '

8. PLATELET SINGULATOR: 'Platelet mother sheets are singuiated 180 by cutting the
bridgesholdhgmefeauedplateletshplaoemﬂwemoﬂ\ersheet. misisdor\epdortostackmgto

35 faciiitate the bondlng process. :
C. STACKING PROCESS and BOND STOP OFF SPRAY APPLICATION: Platelets ars
- oriented horizontally ordered (placed npropersequence).andvertieellystacked in sequence 190 on hot
platens having two alignment pins 182. The platelet alignment holes (holes 32 of Fig. 8) are placed over

7=



Fi gure llwodeazmehematic of the fluid circuits into and outPCIfUSSS13328nt
mati ng bi pol ar separators into contact with the rrenbrane show ng

wat er ,

heat and reaactant gases transport therethrough;

Figure 12 is a schematic drawing of the el ectrochem stry of a PEM | FMI
pl at el et fttblpmsm pregiselytafignsthe platelets sp thabmatingpiatejes features correigte to ferm theviass lapdss| ot

of cell

cel |

s \id thnd.e:a%tawnq;hneam blbtesig dré dasdr 1os Witk bormérBihily abaibie

of 1% bong T 5Pt g e palel o g, SR Bopir oS e

VS current

Figure 15 amommglmmemeetmwtobemmammwmmxmw@ed hmtammmamgmm@s@sﬂs in

whi ch f at

mﬁ iRetals. Bond st Wali&’apﬁﬂ&%tw%&dpthﬁlé@m aStefmbiied & prevent bonding

Figure 16 |s gc oW St ﬁ&‘%ﬁs @é’%ﬁﬁ%{z for tgﬁnd'k%b"i‘m‘?é%cﬁmﬁf/ Loy %iOfdfs a

|nvent|on

fl ow sheet amffadmtm tpnndlngtsle ttismametaptto tmlspparatp's thay beborgied alia tigle in mngle bonding

\p/)mh?';]o![ Ihteh? & nC| mfggdg?aw ﬁleét\?renlt Inglnw dual pl at el et designs in accord
CARRYI NG OUT ioNBONBING: The asserppied W%’ﬁ@i&ﬂ%&‘é@éﬁ‘%ﬂ%n

“i Il ustwpat eiﬁtotatﬁeatedvmuunﬁprebslfdnmjﬁuﬁbn ®aadingl 200. nDitfernt mals edquire different bonding

limtatio
clearly e

Yl 0B ol ' o Bl e

€ one use t.he I nvent

and descr i tBBReratPe Tq initist 156 PAACINGCYSIR 19 PIRSS (i Yosed 3pd gyactated 1o 07 °dPm 1 P

best modesy glgvdd, e hfacd Heat! i€ fumed on and the assembled platetet stacks are allowed to thermally
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20

2%

30

equilibrate. In some cases partlal ram pressure is appl:ed during the heat up period. When thermal
equilibrium is achieved bondmg pressure is applied fcr a speciﬁed schedule that depends upon the metal
belng bonded In some cases post-bond heat treatments are applied at reduced pressure depending

upon the types of parts and types of metals being bonded Typical bond cyclesiast 10to 60 minutas at

900°F to 1700°F under pressures of 2000 psi to 4000 psi, dependmg upon the metal and piatelet design
to be bonded Typical heattreatment forTirangesfrom about 1500‘!'-' to about 1600‘Fforabout 60 min
at 100 psi. The temperature is reduced to room temperature upon comptetrcn of the bonging and heat
treatment cycles When chamber temperature maches 100’F to 200’F the vacuum is released and the

. vacuumpresslsunloaded

E PROOF AND/OR I.EAKCHECK. Bonded platelet separatorsare leak checked, 208, usmg

| atestﬁxhrretoapplymternalpressuretothechannels. mamfoldsandviastovenfybondmtegnty i.e., that

therearenoedgeleaksormternalchannelshoncrrcunts.
F. POST BOND CLEANING: After leak checklng. bond stop off is cleaned 210 form the
platetet separators using meohanical scrubbmg followed by an acrd etch. cascade washlng and forced air

oven drying.
G. FINAI.TRIM' Processrngards.suchashandting framesand ptatelet sequencmg numbers

(formed on the edges of the platelets) are removed (cut off) mutettrtatuimoperattcnztstoproduceme

monolithic bonded platelet separator 220 having the intricate, internal microchanne! fields described

| H PASSIVATING. Completed titanium aparatorsaresubiected to nrtrtding 225 inavacuum

fumace. Sepaatorsa'ebadedmtoavactmﬁnnacewhtchlsevmtedtoto“ton Dry nitrogen is

mtroducedintotheftmacetoapressureoﬂpstg. Thtscycleisrepeated Oncetheflnalpressureof
1 psig is attained, meMnaceisheatedtobetweentzoo‘Fartdtsstforape'bdofﬁunaboutzoto
abouteo minutes. Thespecrﬂctimesandtemperah.rresdepend uponthethtclmessofthetitanm nitride

and
uses of t hexidatioredutihgiuatingandl tideges this tterstieegreboamn ilatelatss | Ores theappropriate vaouune Nt



WO 96/ 12316 : N
PCT/ US95/ 139856/12316 “invention.: o Fig 1 shoRETiO§9513328

wsinplified (schenatlc) Cross sectlon a fueI cell stack 1 of this invention
~enpl oyi ng - "~ a pIurallty of rruItl-pIateIet bi pol-ar ~separ at or.s -2A;, B, C-

~and a pair of

respecltol vel y- ﬁ%t'{a%%gexchan e F%{ %%%ﬂ{g%ggegmﬂzsedgﬁgﬁl e@%"éﬁp%
© C, and D  Seepargioe3filsrsadyder m@ewﬂm@%emmdmdyal&glISsarem'wmwofaﬁ!amom a
gerr] is i r\ﬂ;m&elmtaak Which i abid’ t@mbamrﬁie ritisqpashing theHugh holes 34 in Figns)'3Ad sdcuRl with

I nl et VIamanlf Lfication inlet at 8. .an
out et "t o.M 18 pesne Rk RO ctyAfedbil ek B i o St oo rpasfep Peing
const r uchi orﬁQﬁmﬂhB"'@nWﬁﬁMPWm'am@W"bﬂG&"'“ 2 formed from
bonded pl at el et sné.Qvfaeﬁxctkbﬁpm@st brin @b piRdidt rﬁimlaha orthe priRskthdy

30 f th di f F I I I t
the wi de vard DR SR g q'&ﬁhﬁé%r%wﬁf% gerﬁk% fﬁ%»d 183 e segd 21823 f%Iéu%fat 35
construct a sepaiat orPLAYELET DBRAWINGShI Riatelétoasseriily dtqmdgsmldbvuypéd)ronchmtphter
feature for g fiehated drawing cﬂk@stmé 440 A& biraWingCaré &I%%B&Ba Iﬁ@idﬁfxﬁufoﬂé fﬁd&%aa%gr

exanple, Fig 2A shows ate confli uratlon

wi ndow 1Pa PWW@’E 30 views &ses'%"gaﬁremwwmww Rlatefeb t
(or opti mal Inyask artwork gemtbn@‘ADrﬁymlaso.s ,Fronnmea:madradags @einspeciinadatdbede t62ds

.the one to tggﬁarfx a8
cl ose-out plate ?ctr 10D 1's ﬁia %ﬁggeo%} %I EP;;%’@’ g ‘c?h""c"&'r']"‘%(jm
t hr ough- et c REWO creation %)’@aﬂ 'B@Heﬁ@d
differing qumfa&tumgpmmssnel ) depth et ched fromthe OppOSIte si des but

not co ni catipg rlﬂi_ﬁﬂ#ﬁnr | Eﬂaﬁﬂ ( |
througm%tched VI as) oAR'd ‘ﬁdﬂ ﬁﬁ%%tt d&@ﬁ@%’%%@?&'rﬂwm&k
cat hode f | offtwerk CAD sysiam250¢o U’@F"rt@,@m'ﬁéﬁkﬁ@'%hpw mfmma@mtﬁmm
or w ndow p:tmdpaﬂwabestch Fcorslddfust the @idirndfiting phofotdoling madlkitd the Widtabfthe Ratures to

oot o) £ 2 Uil e i e g o BV el R W0
platelets. Thls entails reducing channel dimensions in the photo tooling mask to compensate for
20  undercutting. Etch factors depend upon the type of metal, type of chemical milling equipment, etch
'speed, type and strength of the etchant used. Fabrication aids are added during the mask generation
process. Fabrication aids include registration targets, platelet numbers and handiing frames to aid in the
stacking and bondnng process.
C. ' ARTWORK PHOTOPLOTI'ING Platelet art work is pletted at a 1 times magnification on
25 a film using an automatic photoplotter 255.
D. © POSITIVEINSPECTION: Video inspection of the finished artwork is performed, 260, using
the inspection database 162 generated during the Platelet CAD drawing process. After inspection the top
(front) and bottom (back) platelet artworks are joined, 270, in precise registration.

30  INDUSTRIAL APPLICABILITY:

Typical IFMT piatelet fuel celis of this invention exhibit the following operating data:
Two cell test stacks consuming H, and O, or air with a PEM EMA at 95°C show finear output
ranghgfr’om.4Voutputat4eomA?a'n2foranossomNanzforo,and.QVoutputamqunzforair
_ to 50mA/em2 for O,. For full scale fuel cell stacks of 100 IFMT platelet cells power densities will be in
35 exoessofSZZmW/cm’Whichisequivalentbe.nkWhaceﬂ_stackofmdersoIbS.andsizeoerSsM
3" long X 8° wide X 8° high. By contrast, a graphite plate fuel cell with output in the range of 5-7kW
wenghsmmamgaoffromwo-sombs. Forautomotiveusageafuelcelloutputofw-wkwlsrequred
andbuses100-150kWisrequred Thus.melMﬁ'plateletfueleellsofﬂusmentionareabletomeet

-19-



20 I S awosgiBicooling platelet; and 10-4 is the cathode spgghuzgs/pis240-2.

Thus, the stack configuration can vary - from5 platelets to 11
pl at el ets, in the |ater case 10B and/or IOF are two platelets, and 10D nmay
be three pl atel ets. Slmlarly Fi'g 2B may rangefrom3

gr 4 go Zoc.p}eatt ghdctric Vehicieneads. bei ng shown (30 1 through 30-7) t

ependi ng on r r

di Et at edgby naFer%ﬁ%kgk%s Lﬁ%@%‘l?r #r?g{hkcsgﬁ’g?t g%hﬁckﬁbg’/ggéfmpﬁ%ell
or menbr anen pressure) asatvaauwewrmquansmeayﬂéﬁmﬂ@m WBP‘PWW would he3R6Wkgland of
mree;nviag:gslaa?% PEWE of T4Y Kvirm3 Qr4d Vi/B), mch Q{Wh ing a8 cethsdired tbtcoﬁi%hﬂe
ol ose- But  FRATEARERIsy0, ana Hydl NG SSEEe Wil R ol RS TEHIG, Tl RiPlT

t wo cel I s wﬂetc_emmmmenmmmmm&mwutwgmmmmmmm

\(/ IoreWZOQZ” ye%trfs (Thls mrahl thé (FT Hlat eéars-cl d&@@ne Oc&ﬁrudwsqmd%n rEa&sa s&ékaﬁ.Bare céursdgilags
ot s o2 Kb RS i aaiete R BEpEl g rRL B &N 2070 Kt it
(cat hode) Bﬁ'd'@gh Thie is| pawerful, yetamall eigtufopa hybeid mobilesehigiecas of the cel |, 25A
oPr eS8t 19 1ot 1B T RGBS i Wi Aoy
present i rfSf Payernsgyrees, ?ﬂﬁ@%%ﬂ%@ﬂ%"%@%wwwmmmn
The EMAs ‘a4 deBicated Isbde deviten poveer sowodse dndh fag vehi@ i, pow&CesnncaBysipaav;dcorgtmaﬂom he

active aregs ﬂ?,aﬁ'mﬁﬁ, |Q1d§ﬂib% FHEBntHG théarBloSy mgﬁg%

correspona to t he anode and cat hode hum di |cat|0n

F espect | MO IR NUMBIoWS O e ERirh &) e Jaide! ebptoiaranby eiag aed peaninge @
mar gi N8 ofassembly, bonding, passivatirigedistritaution aridserdritiAg.. The more than 3-fold improveménisn power

expl gf‘gd RABIE ool il g g%fgm fHo Bhalof alealinir& dnd FalMinPoraBbiRkuon SPERTR 20
. PCT/ US95, £elbgesign disciosed herein are strong bases for concluding that the invention will be widely adopted.
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lg‘ggeégfgergcm different types, platelet s' 30-1 and

MM!H or wi ndow screen BIATEPEIE2S

. I nvention congrl Si ”gT&E@}t

30-7 belng
s (wi ndow frame being sh
around the cut-outs, t

y include sealing ridges (not shown)
the hum dification areas 35, 40,

and around the transverse . thr%- t ched reactant gas and cool ant
mani f ol ds. The seal I ng ridges can be e g‘ d or etched in 5 t he
pl at el et . "~ Platelet 30-2 is the anode flow field spacer

pl atel et having, t hr QUi Rlefdaf sﬂ%ﬂeaﬁ&asaambbaﬁvee%dm%ﬂm aﬁnwaﬁﬁathaasﬁ'a?d

mani fol ds and tab features, In | a ets 30-

Thr ough. et AHGeBBAS1aL pach piatle i AP forad iodEan hera, sec s peing seected
]E:oolr gi n?t te framt dt Idastane ofrhetgringtoeifioas, cBéhnéls.l di&saﬁrdmﬂmf&&s' 3aid featuhes aredadirfatecim
i e a

t hr ough: et ?E‘?‘&’ W*“’@H%’ r"aé ”%%1@?3%35%’“‘{%55“%?%&@“@%93%@%“%°°m
cool i ng? pl ithi SeRparatorfer disnssa! iRFopteetwith ap glectroia

serpenti nemafuelcellsmol [ ng channels in half the actlve ar ea. The
non-vi si bl e obwerse ,s L = @.ﬂg‘n . '
depth et ched a\r?d covedrolﬁ ?ge"%%&g'ehscﬁgﬂggq Ive ar ea fﬁima'{t‘ge?tel?aséﬁg%
i s the cat R FWW@T%! fugl|og rpxidant. wi th depth-etched channel s on
tplhe olbvergg Z' de, Eﬂtpolérﬁblbblﬁsebﬂ'atﬁt&inWhﬁmﬁcmﬁhﬂ@sﬁneﬂb@mhaﬂ.h30-3- O'I |
at el et A e c - e
channel s coord| hat ei\ﬂgﬁh&%%gl ;ep%és bgm‘irpg ﬁé’gﬂﬁﬂa gﬁ%ﬁ%&“"n %%s w%%{‘
dept h- et chisastoapef saﬁamg!eﬁeaﬂov fielgs ta peavide heatedhunpigificationdiuid dgsajd humidificationdieldo d e
vwbndOWffrarre (sr wi R@B&fﬁﬂ&ﬂ%@ﬂwﬁbﬁtﬁﬁhﬁ% h%é@ﬁsﬁﬁﬁhmgaékdﬁﬁe&bﬁ&cddﬁgﬁﬁérbed
-~ above for e obverse side. - i gs
- are aggsépﬁfgé’ 8&#}?5"9’}‘.9‘5“% view fromthe facing side of each
' p| atel et the dét ai | A poler fuel cell separator as ivriain Swhereinshid platelets-arebonided byngling, or by

dept h- etCh&iﬂ&iJneﬁHHih BP&oleandﬁB&‘r'ﬁ&tdﬂb PRisstre, ¥iBAY SdiPhortific ig. 4
20 in accord WI th ri ncgl es of the I nvention. |t sh?ul d be woted .
that the progr&ssioft Wﬂﬁ’aﬁeg?qa? &S in claim 6 Whersif spi sepagators a fingiar tsﬁ%a'"

figure descapmisingananéddsideragd & tathada sidé, and sald fieldchannels are talarediin fength) ntitre-charmele
(e 22 i oo sl il o) © = 0
A polar fuel cell separator as in claim 6 wherein said separator fieids inciude an H,
humidification field, and an Air/O, humidification field.

9. A polar fuel cell separator as in claim 8 wherein said separator fields includes at least one
coolant field.

10.  Afuelcellstack comprisingin operative combination: a plurality of cells comprising: j) polar
separators and membrane electrode assemblies in a stacked array; i) an anode separator end plate at one
end of said stack in contact with one of said membrane electrode assembiies; and iij) a cathode separator
end piate at a second end of said stack in contact with a membrane electrode assembly; said bipolar

5 separator, and said anode and cathode separators are separators as in claim 1; and said celis are
assembled in sequence under compression to form an operating cell.

11.  Afuelcell stackas in claim 10 wherein said features include at least one humidification field
for a fuel or an oxidant, and at least one coolant field in communication with said humidification field to
provide heated fiuid to said humidification field.

12. A fuel cell stack as in claim 11 wherein said fields are tailored in length, micro-channel
cross-section dimension and serpentine configuration for H, as fuel and Air/O, as an oxidant.

13. A fuel cell stack as in claim 12 wherein said separators are formed of diffusion bonded
metal selected from Ti, Al, Cu, W, Niobium, stainiess steel, alloys, laminates, piatings and composites
thereof; said menibrane electrode assembly is selected from a carbon paper coated PEM and a carbon

B 5 B
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when turnedwowen23i§hat is, the views are all artwork or pl at @eCTAISIsSN3Bs2S
views. Platelets 1 and 7 are essentially the sane with the exception
of when sealing ridges are enployed, Fig. 5 being the front of 25

platelet 1 and the back of platelet 7, while the mrror image of Fig. 5

woul d' be t hgapaigks FEM, Bhddail Sbarktoibiude a wmdoivh@mﬁ pafdlet Alcofthd With ?ﬁuf dartdrl dhper

shows t he enbodi pent Wnere askefs. are e to seal the po
separ at or t GoRteR f%e’?g'f‘ F@%?ﬁ%%@ﬁ?yﬁsﬁ% anode
pl atel et may havé. a almayiodfarlpc@ecmgmaceﬂsebaatonssmuﬁgmdlpmwasdsmﬁormmgia

bet wgah
gtraglo\é'?s '?he ano akg%@gyg@gﬂﬂﬁ%ﬁgﬁx %21‘838 %%g@a%adf?o anc'fr?.he
Cat hode SeaFF%e??IVQF anifplds: said fpatureg togethec forming '%cﬂﬂﬂﬂ?‘%(ﬁi’% eldfonepeidant or

" screen pl at elebtohsuriptios irscontaat witha ynembrane bleéh'oualassamlyt agcmngck;wspmaum said

s, i VBl bl 58544 ol B o pBing AR} g AaldFoiie
rect angl es. W@é@"f-’@@t‘%@?@?“%ﬂ?%@W?'@%‘@MW&%@@@\P@‘ e
paper of t hamonsiticseparatocidving thtentsmicroadhanriels ahie adcasighanifalds therefohe Anode

Act Area FI Fi

St angt e 5 1 o181 hiheP b o 1 wnelol saBShEE R B Ml Sa B by rtuces
ri ght 35 Memmm@inmmawmmmqmdmﬁmmmrmmetcamon Wat er
Flow Field. TrggsVeAmthbd adr SRintikreebin said througrbsiéhingtbmgiades Gdpih didhinglsdlecthd)

STaes " °"" aeigfrontin PR of it RS Sl P70 B b renBbRRY 0

with 12 being i Hput Amethod asin gaim TBrwherejppsaid metal is sgiekieckfrem Tk M, run W SlaIM o
for water cggﬁ%gteang,mdggsdm,hgag |pgﬁngglah@y¢,ﬁ§°sﬁgsMA 22C be| ng inlets
gg% USO5/ 13325 9% 1e§n§as in claim 15 wherein said forming step mc!udes photolithographically resist
coating said sheet metal stack to define features thereon.
19, A method as in claim 15 which includes the step of passwatlng said separator-after -

. bonding. : o o _
20.  Amethod as in claim 19 wheremsaidbondlng includes diffusion bonding under heat and
pressure, said metal is Ti, and said passivating includes exposure to Nitrogen at an elevated temperature.

AL A



é4A,» 24C be%?‘gtﬁg‘ﬁd 18The two | arge man-i folds are for air (Wﬂﬁgg@ﬁ%
i ng

16 being an A, 18B bei ng outlets.
ti dges may be | ocated at 27 around each of transverse nanifolds and the
pockets (cutouts or screens 25, 35, 40). The manifold and fl ow

field sealing ridges are formed by insitu enbossing during 5 t he

pl at el et bondi ng process. An alternative p{o%@ss is sealing ridge formation
" by depth-etching the 7p| atel et a setohd tine. The first etching

i through etches the nani e ﬁ-t—-a-ﬁd—t-l-e—he-d—l-re-r-e&

" The second et clGQQLING N the rid es Fig. 5 al so icts the
.through-etched; st=acking al fgnneht hol es 32 d throughthole ti 2{ 0 CbeLﬂ@G

34. Stacking hol es are 0 ed to pfe pr at ERet s o

bondi ng” process. The baeg =3 ' T | frage of the
front without sealing rédggs 2 5-jor a
gasket is enployed. The fyqn 7 of Fig
5, and the back of platelft i{g

cooperating sealing ridg g . 6 depicts
the front side of the Anode P hed

- series parallel ' I | £ dr ogen)

i hum dification field A6, fard el ¢ i fying
the Jerr] on the hodq gi el |? desi-gned
to optim ze the fllow qﬁ i . This

~drawi ng al so depicts the [cqn n| d
transverse mani fol ds forfludl (ok ol ant,

Thi s

12, 14,16,18,22 and 24 %&peag,ucd
drawi ng al so depicts a3v! gﬂportgnt aé ectag t |05P t4#e tabs 50

V\/m ch are depth- 20 etched as colri]z.z;red to the channel s 52 b cheare
~ through-etched (in this pFéUEleQE $TA€KC(&MBLHED) gl.lernati ng,

spaced | ands 42. As can be seen in Fig. 6B, the tabs are not visible, buat

the channels 52 and spacer |ands 54 are. The t gipOLING WATER/ et ched
~away only fromthe backcqml- gs 6B) side | eaving them OMUMIDIFICATWNWER
cC

- side. Depth-etchi ng, e apdr &i gly 60%of the full plate fjgilckness.
. Through-etching is |} ghed by depth-etchin aA.%ppr riate
~ masking, from bgégaa Jfaepff X t el etfs Dept rrleaetclhdj i s ?Ié flr:_om
-ggebzlcggi' d-erhgl 2 _\s\ \ e () fﬂﬁydg icatio \If ancm‘ e Fig. |
- ! - il
- : o — -
- _‘ o -q-‘ T o
~ - Tt e
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ST, Lanie Y306 -
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d‘epi cts the qepégPsiti on of the through-etched flow field chanp&@ﬁﬁnsﬁqd

t he various manifolds, alignnment : hol es and tie rod hol es.
pl atel et does_ not "exhibit manifolding to the Herr], (err] and water
i inlets and outl ets. Fig. 7A depicts the front side of

- the Anode Flow Field Platel et having a series of depth-etched 30 par al | el
channel s form ng the hydrogen active area ﬁ? w field 44, hydrogen

hum di fication area 46 and cat hode m&ger channels 91 in field 49.
These channels 52 and | ands 54 are precisely aligned and match t he
flow field channels and | ands found in the Anode Fl ow Field Spacer Pl atel et
of Figs. 6A B. Als§- showi ng up on this platelet are depth-etched

di stribution channel extensions 56 into and out of thg hydr ogen

humi dification flow fied 46. (To follow the Herr] fl @ the fields, also
refer to Fig. 8A) The Herr] 35 flows in fromthe | QNISYNse inlet 12
t hrough distribution manifold 60 (Fig.8A) up fagld inlp -ﬁwf\t
7A and 7B) into the Herr] humdification chgnay 3
shown as 3 sets of parallel . serpentine|c
hum dification field 46 The Herr] g®s the 0 i |53
hum dty through outlet vias 63 (Fi g4 @&8NDB) [t aviJl
mani fol d 64(Fig. 8A)to square via 69 8§ S W
PCT/ US95/ 13325 (RNgs. 7B
di stribution inlet manifol dj66QY
are six parallel segs of sefpp
residual H2 exits WQgafield
exhaust manifold 6 B
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and the vi afygdefi28480i Nneered to insure uniformdistribution of hydrogen
across the flow field. The vias 61, 5 63 are sized to funPETHRIUSILS
fret.ering. ports. Engineering the distribution and collection nanifolds
permts - the pressure drops and flow rates to be precisely
controlled. The vias 61, 63, 65 and manifolds in subsequent pl ates
(Figs. 7B and 8A) may be superinposed to egsily discern the flow path
bet ween pl at es. Fig. 7B depi g the back of the Anode Flow
Field Platelet with through-etched transverse metering ._-¢= .
(vias) 61 that regulate fuel (hydrogen) flow fromthe tra <
fuel inlet 12 and=depth-etched 1 0 nmani fol d 60 (Flg. ﬁﬂ?sh he
(anode) humdification field 46. (Fig. 7A). The through-Hol g9 (
the output to depth-etched manifold 64 (Fig. 8A) co:;ynicatl

o]

I

feed hole (via) 65 to the inlet mani f ol d 68 the dc]ive fierd 44.

The H2 outlet is via depth-etched manifold 69 to ou?l et tr.|>verse
14. In Fig. 7B, cathode cool ant watef k

hol e (mani fol d) 22C and hot water outl et fron11§/;* i i
hum di fication zone 49 (Fig. 7A) then, and out Of t|¥%
72, 73 to mani fold 74 (Fig. 8A) and ou
Likew se, ai r/CIerr] is inlet 200mtransvers

dept h-etched air inlet manifol 6 (Fig. 8A)
humi di fication zone 47 (Fig. 9B) ouf Th'

tran

and 10A) through depth-etched nanlfold 78. The
col | ected by exhaust manifold 79 and/yt t herg

transverse mani.fold hol es 18A, 18B. 4 e Orént

of the anode and cat hode cooling plA el%ets* w AR re lept h-

et ched serpentine cooling fluid chranggel s 81 cover" - stve flow
field area to handle half the , : ‘he -
serpentine 81 through port 22C.and eps er then
passes through vias 70, 71 (sgé Flg : ar field 49
(see Fig. 7A). Water nol ecul ge= S50 humi dify
the oxygen on t he other SI - S

t hrough vias 72, 73 (Figs nihbld 74 and exists

t he stack through transy, rse :
This plate al so shows a(r/C{»

the air dlstrlbutlon
nanlfold 77 and 78 mhyéh are

/49 .uwrmmmmnM;mumm;mm il Fig4

r L
imumnnm .ammmnmnmu




j oi ned and &BrggH%etched, as can be seen fromFig. 8B. Ukew fé{ig%%o?ﬂ?ﬁem

air collectronnmanifold 79 30 I's through-etched in this p

.(platelet 30-4 of Fig. 4), but all three are only depth-etched on the
facing - side of platelet 7B. W\ 'Fi g. 8B depicts the back of
t he anode and cat hode cooling platelet, t heB8cksi de bei ng the cat hode
side, and shares simlar features wth the exception that there are no
dept h-etched H err] distribution H.0 oBTLErds 60, 64 and no via 65.
Since this is the cathode side the plef _is 22A, the serpentines are
35 80, the hot water collection and the water outl et

mani fold is 75. TFhe aphif 82 anode water field

48 by hot water viz augh S
86, 87 to the nman of the
heat- | oad fromth
- 13-
PCT/ US95/ 13325 Fig. 9 ggpl cts the fro qat hode
Flow Field Platel pt 7dept h-etched Ofr] inlet distri2pti L6
mani fold 78, tlf‘? collection manifpld 79, as well as 1
t hrough- et ched T ™ ?mNiUE)Td for HErr] OZIN[(H,'Z-H | 4
outlet), gerr] ( 8 outlet) an L(vater (22A,” Cinlet, ¢
outlet). There ar | 1derr]4@iet vias i ilnl et of
dJerr] tothe Je 147 (Fiig. 9B) and o ifas 90
fromthe (Jerr]

34J0O ' 34

18A . |
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Ha OUTLET 4o INLET
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5 hum difiction field 47. The hum dified qerr] inlet manifold

communi cat eV er 1] cathode active field vias o PAERIRPSNGHS
while the spent Jerr] exits through vias 96 (Fig. 9B) to the exhaust
collection manifold 79 and out the JQerr] transverse manifol ds

. 18A, 18B. Fig. 9B depicts thg/aack of the cathode flow field
t platelet (platelet 30-5 of Fig. 4) which is anal ogous to the front
of the anode flow field platelet (platelet 30L3 of Fig. 4) except that the
Jerr] 10 serpentines 89 inthe Jerr] humdification field 47 and 94 in
the cathode (Jerr] actsze 63¢a 98 aZdAshorter 24C 49 to t he |ncreased
viscosity of the A S aasam e=pqnt i nes

for Herr], ther$4 4 =T fes ﬂo-.
transverse inlet IT~Chrouah jnlet MENLfQl ? Al t VI a
(Figs. 9A and 9B) ] : === E“:) %_\‘:.'._._..__.---...._-.‘._ ....... '

98 serpentine thro i ‘ Iea 5
through vias 15 - i'| 1!“ l[ | Fi g -n nd
t hence out the tipplEE B, o S

above, the fields §7 &8 E,' :”HH”

mani fol ds 77,78 ¢ '“H” 'H"“ 7 ,- area

adj acent through-e l:l:m ]
t hechannel s 93 s3a ”I 1
Jerr] humdificd

formed as above 5 ‘I W"*’ ,, ' """ m

i nt er nedi at e = of

the Cathode Fl o4E]l el I Tana———— ’_—.:3 | m“

flow fields 47 Sp-pruc e E oy LULJHUI 08 4us to the

anode flow field sace 73 ) | Svjq bat t fe

serpenti ne channel j «,

pressure drop and XI 'ﬂ—“——rﬁf:{’h -------- | H "m"'TJT:'?F

back of the cathode Figq ”;[ ( ‘:( | (“ .H 4) |ch

is . anal ogouf to i“ (i | ! ‘ Is[li 2 §f Fig.

4) in that the dep h- ef | HI “l” I “ fll et den
s "n g

Is 39 of
|'= qre
I hyddogen,

i i
"Anode" and t he caf{od I‘IH

oxygen and the hung di f (I {'u 'Iu H “
IH l
bei ng | abel ed " Cat hode ...._...-__-_..‘. .‘,,J-_).L_l‘,l_._‘.'_l_l._‘_m.'-__._._'.!.'"_L,}_'_‘_Ul‘.' _______ ‘ ml

palr of separat or he ”“

188,
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t her The nunbering of elenents is coded to Fi n -10

above Not e S?‘ggﬁi%gen I nput t hrough transverse nmani f%?ﬁ"%ﬂgh’gz;
“first humdified in channels 52 of area 46 by hot water nol ecul es _
transported by diffusion through the hunidification nenbrane area 37 from
anode water channels 93 (on th cath side in area 48) to the
hydr ogen humi di fication channels 52 in the dification area(zone)
46. The hunidified hydrogen then passes through channels 67 in active area
44 of the active el ectrode 35 menbr aggasecti on 28 ﬁfnd e%§$§s‘§édrogen
and hum dification water exits out th gh_out | et fold
The anode wat er ny 491 t@iNough inl g )

in the serpentine exch Je

fromthe reacting [err] [”‘ N R ] -

-14- 06/ 124 , t ; \ —

PCT/ US95/ 13325 |!: f Hilins R ER@nbfane 37
from channel s 93 i 'f[ 5~- ARG R R SIS

comes in through np
and delivef 4, NI R e g =
49, and this hot w | TR R I E=———ayr gne and
is picked up by inkqu AR I -—::5 ot her




5 si de of wbesuEbr ane. The cat hode air conmes,A h
inlet transverse manifold 16, is humdified in channels 89 of %éﬂr@%égghw

47 by the hot cathode water in channels 91 in area 49 passing vapor or

nol ecul es through the nenbrane area 42. The hunmi dified cathode air,
t hen passes through channels 94 in the acti Vg area 98, and the derr]

depl eted air and reaction product water is vehted through manifol ds 18A, B
10 Note -t he net effect is humdification water vapor passes through

a first area of the nS@ig2as2froge 244 the catygge side tg!urri dify
(S

Herr] on the an ar.aanar ses fromthe
anode si det hrough =a 0 a gf or@he unz 1Ty copn
cat hode air on tigf- odedi de. A rrd rhe areX i ctive
area where reaction to

renove half the hea
fromthe anode si
section of Fig.

t he anode side f2 :
(i ndicated by 2eg3 I
resulting two hy@gefe
t hrough the wet58-<fitr

in the nenbraned h

Jerr] and two &€ I nar cat ed by Ze-
| oner. sections of H

mechani sm whi ch is

menbr ane serves adugi T

menbr ane. Theupper sgct i

bei ng hum di fi ed byjjwat

t he anode side is [

13-14 are graphs o

of actual test f
principl es of tﬂ#&'

r —

enpl oying 7-platel gl se cti area
“total ed 129 square ed
"NAFI ON Menbr ane Ele!:}o e yed.
The operating parargter 5 pH g;

fuel Herr] and 4gfr];

188~

J.P 68

14 22A 68 22C 69 34 32

Fig-7A




30 As showin Fig. 13 the cell voltage vs current density is essentially
| i near bet\/\&ﬂ”’y’g‘ at 50 mv¥ CMerr] and .4 v at 830 mRCEYSNIPS The
cell produced at this rate for 8 hrs. The test was term nated due to tine
constraints; not due to cell stack failure. . Fig. 14 shows the
results for the sane cell operated with Herr] and air at a pressure of

25/ 30 psig at 95[err] C. The out put i:,é | i kew se essentally |inear
between .9 vat 10 n& CMerr] to .4 vat 460 CMerr]. The cell 35
produced at this rate for 8 hours. The test was term nated due to tine

constraints; not due to fuel cell stack failure. Fig.
15 is a fl ow sheet=depicting the principal steps in the platelet

manuf act uri ng process invol ving - feature formation by chemcal mlling
(etching). The steps are as follows: p4¢ 24P/ 12316

PCT/ US95/ 13325 e - | ON:

| ncom ng pl at el et ock 1@ i's subj @ 1@ nspec nQL2

verify material t |l ed hard 10l | t hi ess, surface

uniformty, and r
B PLATELET ST
5 phot oresi st a
usi ngan automati c
stock rolling ¢6

plier If‘jor mat i on. 6.
FANI NG AND YI NG Platelet stock is cleandd 130 for

i on by scrubbing, degreasing and chen‘ig?"l, cljeani ng
e. This process renoves residua
Af|s. After degreasing the platelet is s

to a mld chem ca ing at roomtenperature by a dilute etchin
solution to renov s and surface inpurities. For ti f&'ﬁi‘rﬁf he
cl eani ng sol utionj # ngoHFand 71'0% 18% HNJ err]. For other maesl\s ferric
o s | | 65“’0
- 79 18A
p—
TO 73 Ol
-188

22¢C 22A 4



chI oride of ggoree Baune' at roomtenperature is used a cl eani ng
sol uti on. Plﬁgégzt:‘s are dried 10 in a forced convection dr}éf SAges
final step prior to application of photoresist. Dependi ng an
-whet her. the resist is wet or dry, the resist appli catlon proceeds by either -
Steps CG1 and G2, or by G 3, bel ovgé C1
VETPROCESSPHOTORESI STAPPLI CATI ON: Wt procﬁ phot oresi st all ovxs the finest
resolution of details due to the t hi nness the photoresist |ayer. Wt
photoresist is typicall e é usi -- di p tank. Snmall
pl atel ets may be spl n t usr ng coatr ng hi nes devel oped for the
d

sem conductor ind 3 '1-'- OVEN: VeigZyesi ST T ¥
baked (cured) in3¢ | ayer. ()
C-3. DRY PROCESS R o, v phOTO- resist igywsed} where
t ol erances can g xed. For fuel ceII sep ators dry resist
‘used. Dry resist Q ed off a 20 backi ng sheet and bonded,
he roller press is simlar to those used
?nt ry. The rolling process autonmati caé

t he phot oresi st. Typical dr§‘q

ton 4620" rranuf actured by the duPont
contact 25 ‘expos / rrachl ne. Careful attention iggoaid to p
al i gnnment of both de$55f the artwork. - Regi slgdatlon L2
l'n\ ppsed

used to aid this plJSe$s. . E | MAGEDEVEL OPI
platel et is passed 45, through a devel opi ng SQ O _JJ}

- 2.
1 t9- from re R Ya

heated roller press
the printed circ
t he backi ng mate
material is 2 ml
D. PHOTO RESI ST

jy} and Vet
process resist is Ml oped in a hydrocarbon A
uncured resist. aypl cal devel oper is 0 payt
nunber GW 325, manlif a¢fd@®ed by Great Western =
- Acetate, part nunbpr=8lAS 104- 46-4, avail abl e f .
Vet process fi¢v@ opnment uses these solu Dam
tenperature. Afgggla#x@osure to the q

wet resist is rebakd o forma resilent
uses duPont "Liqui [ =
solution at 80[err

188,




.&. SPRAY ETCH TANK CHEM CAL MACHI NG Devel oped platelets a 50
in 35 a sﬂ' ﬁ% tank. Spray tanks are preferred to dip tgﬁfﬁéggﬁé?%
‘due to the higher thoughput rates. In sonme cases finer resolution can

be obtained with dip tank etchers than can be obtained from spray etcher.
The etching process is very sensitive to t strength of the etchant

sol ution speed of the conveyer belt, $§ray pressure and process
tenperature. Process feedback 155 on t hese raneters i s maintained

- 16- WD 96/ 12316

PCT/ US95/ 13325 during a prceJG&ion run 1V‘contin.-‘s-3%-process

I nspection 152. Upres AN gLy Pttt pesired
~etch results. Eit d '
~.the etchant. Ferr
stainl ess steel.

typi cal etchant cp
range of etching

ic acid is used for tlrgnlun1 For tltanlum
ations run from 3% 10% HF and 10@618@6&%({eqr]. The
tenperatures for titaniumare 80-130[err]F.

ot her netal s typiEql efiric chloride concentrations are 30-45[err

Baune' with th ol L ﬁﬁeraturenaintained in therange of 80 13 ﬂﬁl?
The specific concknt i&p and _ tenperature conditions can be
controlled for eafh &

t he nunber of act]v
i ndi vi dual etching t

©

#®nt netal enployed. Line speed is a functifon of
hing tanks. Typical etchers are g@lt up fr -
] oi ned by

L18A

~-188

3450




4

of Maunee, COH and

washed in a cascade washer
washer renoves excess etchant prior to inspection.

a comon COoweY&i2316TYPI cal

etchers are available from Schm d

10 At ot ech Chentut of State College, PA
after the last etch tank.

G

C.
133
at g?etéyare
The cascade

| N- PROCESS | NSPECTI ON: Pl atel ets are |nspei;ﬁd at 152 to feed back etch

rate and | i ne
i nspection is typi

RESI ST: Wet process photo resi st

stripper at 15

PC 1822, manuf act pr=e

process photo res
" Ardrox", part nul
Callfornla Ar dr ox
stripping the pla
1. FI NAL | NSPE
measuring and com
during the CAD de

control the etchi
sheets of platele
type or in

t hi ckness 4-25 m
36[err] w de and

feed process desc
6 across the width
sane type, e.g. p
platelets 1-7 (30
depicting the pre
into nonolithic p
are withdrawn fro
foll ows: 30 18As
room t enperat ure
free surface for
dry them

are singul ated 1SU:Li

1884

speed information to Qe etchlng process.
cally perforned visually. H

B A
Q E IS y
405@; manuf act Eﬁ % of "

@\L(?P ed by Ardrox of La M,regda
I uted 886 1- 87 3% and used at - 130Qerer
el ets are cleaned using a cascade washer. $
CTI ON: Visual final inspection is perforned 365
ring 20. with the critical dinensions 162 s
;ESnﬁ%rocess This information is fed back t
g and design process. The flnaILA
S, 172 are placed ininventory 170 being kepb X

200§2rr]F A sui

cutting the

Fig_-9A

| n- process
STRIP

gr he roll stock is typically tlbam um
ependln n pl atel et design r equier
he pl atel et Bl anks are 6"x8", so that in the uous
ed 25 above the platelets are aranged 6-up is,
| the sheet. The platelets can be all of he
at@l et #2 (30-2 of Fig 4.) or In a grouped ser
1 §lo 30-7). Fig. 16 is a process heet
sendlly preferred nmethod of bonding the plateletg
D| separator assenblies. The platel et nother s=72
e inventory 170 as needed and processg¢
A CHEM CAL CLEANING Full strength etchant} at
Lsed to cl ean pl atel ets, 175, to insu oxi de
pondli After cleaning the platelets are ovél kepl to
PLATELET SI NGULATOR: Pl atel et not he yeets



"bridges holding the featured platelets in place in the noth
o 35 facilitate the bondi ng pr

i s done prwor96i1g3ist acki ng t

FSithsant" ©

e STACKI NG PROCESS and BOND STOP OFF SPRAY APPUCATION. Pl atel ets are

oriented horizontally ordered (placed in proper sequence),

stacked in sequence 190 on

The platelet alignnment holes (holes 32 OEyFlg 5)are placed over

WD 96/ 12316
PCT/ US95/ 13325

with comrercially avail able
frombonding to t
according to the
titani um and alggy]
appl i'ed bet weeggh
adj acent st acks.
to accurately tr4g
up to 100 sepa.
stack between a t
BONDI NG The asse
10 into a heateqg
require different
det er i ned by 904

98-

hot

and vertlcally

pl atens having two al i gnment plns 182.

R

———— e —

t he hot
st op- of f

the pins to precisely align the platelets so that
mating platelet features correlate to formthe vias,

mani f ol ds and channels. Prior tgrstacking, ted 195

| atel ets




t enper at ur e.y, I ate the bonding cycle the press is closed and
evacuated to 18fgrﬁ¥ torr to prevent oxi dation during . RGK/PSR$N3IS t o
degas the interstices between platelets.. Once the appropriate vacuum

i s achi eved, the furnace heat is turned on and the assenbl ed pl atel et
stacks are allomed to thermally 15 eqU|qu ate. In sone cases partial ram
pressure is applied during the heat up per d\ When t her mal

equilibriumis achieved bonding pressure is applied for a-specified
schedul e that depends upon the netal bei ng bonded. In sone cases

post - bond heat treatne pli reducegd pressure dependi ng
aﬁ§4t¢§£ éfgﬂntals belg
bOUt

upon the types of 5art Cbon- . Typlcal bond
0 pSI end| @
56} o

cycles last 10 to

pressures of 2

tenperature is red @ HiHRIHERE »j:h‘ rohdi ng
and heat tfea ‘ ] Nl 3 :

design 20 to be

100[err]F to 2 AR . NN N PLRSS

i s unl oaded. 12 i i Ma Z et
separators are | egk g t il gty [i bt er na
pressure to the chant e 1] i

i.e., that

circuits. bond
stop off is cleangd

mechani cal scrubb g T T : @ Nor ced
air oven diyi 5

such as handling- : r mefd on

t he edges of the — = B i
operation 215 to ] - = - sparfpt oL

220 having the in

above. d 98
subj ected to nlfk P»' a3t ] oaded

into a vacuum fur pd = - - S
i ntroduced-into t P
repeated. Once th

| 188

Fig.10A
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1 psig is at wdveth3ié he furnace is heated to between 1200[ err]
1625[err]F for a period of fromabout 20 to about 90 m nEFS@Psgﬁ'H?”

specific times and tenperatures depend upon the thickness of the titanium
nitride WO 96/ 12316

PCT/ US95/ 13325 coating desired. Thr/furnace is cool ed, repressured
and the finished product nitrided (passivat %pl at el et separ at or
230 |Is ready for assenbly with EMAs to formi hdividual cells, and a '
plurality of cells to forma full cell stack which is held together
with tie rods (passing through holes 34 in Fig 5) and secured with

nuts to place the stack der co ess Ool, A eak,e UNG plied
gases pressures. Operatl azrcel?a@f Iq ? h e gc 1§Eed
B o,‘ . —I g )

above in conjuncti {p. 88
process of prepariifgJthe oaa dgdrd®
wet or dry|prpEB = : FP“’”mﬂ’ﬁ 'mmnﬂm @15
and 16. The steps I Lme m ‘Il' H..‘”H‘; ;
Pl atel et assenbly {rk e ] Hl H H,H“‘”" i

u il
HIHH

drawi ng CAD syst emg e e il
Bot h sides of . E m
drawi ngs are el eCt

- - I'x
artwork generation A § i’“ m ; ;
dat abase 162 is - - t !H I l |
critical dinensiong —— I "'—*""——'-M”

creati on and manuf
i nspected during t

92

ahiikatakilblalnale

o)

e

98 -

fiiillle




15 MASK ARTWORK GENERATI ON: Pl atel et CAD dr awi n%s [
converted iWP?ﬂe”ﬁ%sk artwork CAD system 250 to photo @tﬁ%ﬂ&’%s
sfor each platelet Etch factors are applied to each feature in eac
drawi ng. Etch factors adjust the width of the phototooling mask to the
wi dth of the features to conpens for undercutting that occurs
during the chem cal etching processes u to mll individual

platel ets. This entails redu0| channel \di mensi ons in the photo tooli ng
mask to conpensate for 20 Eutting. Etch CATHODEpend upon™

of nmetal, type of chem cal ui pnent, etc speed, type an
strength of the etchant u p?g n37# ds are added during the mask

TR0 ORI s e f g - RE WD,

bondi ng process. 4o AR JgRK PHOTOPLOTTI NG244at el et art
work is plotted at a 1 tines maa4| ' .—.}‘ 935 a filmusing an
automatic photp u O0E a ER N | D POSI T1 VE | NSPECTION: Vid
i nspection of 4 Mt? =H. AlRS8 PRODUCT WATER:OW T

i nspecti on databaEECl 2 generate i nIIE-P| af 2T CAD ar gy Iy priocesk.
Af ter |nspect|on the €’tlronx> Pdd I t ¢ ack) pl af &4« ar t wol}
are joined, 27H Fr&a‘fukNDre  Soopanid—>9 PHSTRI AL APPLI CABI LI T
Typi cal | FMT pHﬂMI& FICATIONI ?Zs — dr¥hi bit the fol | owing
operating dat D) |C & 7% rr] and
~Jerr] or air TERO a—art—T| { | IR W&Wﬁﬁﬁ ngi
from .4V out put af460 mA/ch f o8fa |r BISA/ C or gerrj r%z out
a 10mA cnR for a|r to 50mV cn fhRdd err full scal puel ce

stacks of 100 -.t t sv RANS) 1T €389 | | IN35,16 excess
522 anrT[err]c b -’- =0 K47 AR N 0

ks
h

pe

D

(0]

\"2

ks

ng

but

of

| bs, and size of I34£ han 13 49 b X hi gh. By

el ghe. i n thelrange STHR _EQLEKSYESE)'I 2. 8%»“?:}}%3* SEER: 2 ruel ce
?EepFF\/F?fpllgt:tl Iuqug‘!FP@qétN_GFﬁi S i éisgﬁ are able to meet '
| s

o WATER TRANSPORT
' l DIRECTION :

SEPARATOR~—____

Hp0==—=—+-J | H0 [ 1~ 02
2

e L[

MEMBRANE™ 2 T 1 | S tsm0, + 10
Hpto | — — 0, + Ho0
—-—------~.:@_ 2H J B

' - _ 2 -
Ze' / /’ - \\‘ ‘ ¢
--’4' . = e
GRAPHITE __ 20 =~ - ITTHe0
ELECTR'?DE 1
2 -4« P
T H0 -
. -_.’/' \\\
Hp +Ho0 =<+~ 1___| ~~}- _
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"WO 96/ 12316

PCT/ US95/ 13%8096/12316 current electric vehicle needs. PCT/US95/13325

For full scale stacks of 100 IFMI platelet cells of this invention
operating on Herr]-gerr]/air (depending on pressure) at .7 v and
EMA current densities of 750 mACMerr], the power density would be 326 Vkg
and specific power of 743 kWn{®£fr] (743 WL). These results are
out standi ng as conpared to conparable 7/ graphite/ NAFION Herr]/derr]
and Herr]/air cells, which produce in the range of 50 to 125 WKg. That
is, the IFMr platelet cells of this invention have power densities
of about 3-6 tines:greater than current graphl te fuel cells. This

means the | FMI pl& s—of—Thi S~ TTvenT oM can proguce
6.79 kWin a cell sfack wei ghing only 21 kg (46 | bs), with a vol upe

of but 0.009 Merg]qa(0.323 FT[err]), that is 12.9" long x 5.6" wide x _
7.6" high. This is rful, yet small enough for a hybrid nobile vehiclk.
10 It is evifen t the inproved | FMI fuel cells of this invent]on
will have w de?i@»ﬂu';t rial app l ity ' as stat |H?AQ2 power sourcks,
especi al |y at yjenot ¢ hone, industria uction si for : ,

mniaturizati @ 0.6 + as dedicated single de sources, and for

vehi cul ar powqf, especi ally heavy construction eq trucks,
rall and ship The]"printing" technol ogy used to construct the fue
cells of the >°- Tinvention will provide nunerous jobs and growh Tn the
field of photolithopraphy, etching and cl eaning, 15 assenbl y, bondi ng,
passi vating, di g@ution and servicing. The nore than 3-fold inprovenenfs
i n power out put, reduction in weight/Kw output the ease of
manuf acture, and rapi d| ty of agpl i cat,i on snem fi G fuel .

QO 100 200 300 400 500 2600 700 800 900

1.2
1
>  0.81

w
2 061

0 50 100 150 200 250 360mzséo 400 450 500
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cel |- design herein are strong bases for concludln that the

i nvent i ongvm' Ia: ?e%ﬁgel y adopt ed. ° 33602/ 6 PCTg PCT/US9S/13325

CLAI M5 1. A polar fuel cel | separator for a PEM fuel cel

conprising in operative conbination: a pI ity of platel ets of

thin metal sheet. material; each platel et gakng features forned:
~Individually therein, said featureé belng sel ected from at |east

one of through-formed or i aLi fices,

m cro-channels, vias to plate tg another cl ose

outs, and mani f ol rel 4t ed and coordi nat e

fron1p|ate|et to %F [ ’jast one fcti e area m cr,0- channel

field; said activew | dst ailr wf fpl atel et s, “Dflrst
a=p =p A4

of which has depth & tdl et has 1
correspondi ng t hrou@lsf eat urjes & |f or m ng O
m cr o- channel 2 ' ced cHajgnel s and u:
substantial ly equal ' ' eld in

$econd,
ifd channel s but do
| sa pl atelets are

configurational pos
t hrough-featured pl atel
- not obstruct flow of

bonded t oge gl to forma
rigid nonolithic %e vctrl al conﬂyction
as- conpared to solf oraph5; , for
di sposal in | ectr
menbrane assenbly i pol ar ueI
cell separator as i t % t one

- I
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humdlflcatlon f| |d for a fuel or an oxidant, said humdlflmsﬁjﬁsd

bei ng subst f/ coplanar with said active field.

3. A polar fueI cell separator as in claim2 which includes at |east one
“cool ant field, said cool ant field being disposed upstream of said
hum d|f|cat|on field and conprising a depgyf feature forned in a

central closeout platelet fP\ A pol ar fuel cell .separator .as
in claim3 wherein said coolant field communicates through e | nt er nal
vies fromsaid closeout platelet with at |east one of sai . hegi di fication

fields in an adjacent pl atel et to prges
fluid to said humdification field.

separator as in claim4 wherein, in asse
asserrbly, said humdification field :

mﬁhflcatlon
Iu; uel cell

.u| 3 nbr ane
of a first

cat hode or anode si (rg by heat ed cool ant
fluid vapors paSS| ng ) sai dfhumi di fication
field. laim5 wherein

i g, wel ding, brazing or

ithic s¢parator.

said separator is a

epd at hode si de, and
Ea: channel cross

t he cénposition and

said platelets a&
sol dering under h

7. A polar fuel ce Ig ar
bi pol ar separ at or g§ orrprﬁs ng

said field channel %egtallorﬁ n | gng
a E i q

section di nension,

Vi scosity . A'polar fju¢ pt@ was ifn claimé6
wherein said separator ffi Ids i ncl ude jan i fication:
field, and an Air/(err} I catidgn 9. A pol ar
fuel cell separator as}in claimi8 vvheﬂe' arator jfields include a
~ plurallty of cdol ant figlds. aal
Q £ 5
Y o, | £ g | §
s 3 S a3
g | &4 : 38
g5 | 28 'H 28
! 8 a
N 0
. ® L) -
-. = ) ] N
m Y
Rl 2 & _ |
o : §_ =
%E? 3 § £
535 BE8| |2
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21 2/ 6 PCT 10. A PEM fuel ce

conpri si ng Wﬁ%égflgt i ve conbination: a plurality of cells conprisi ng3325

l) polar separators and nenbrane el ectrode assenblies in a stacked array;
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_ humidification field for a fuel or an oxidant, said humidification fleld being substantially coplanar with said
active fleld.

3. Apolar fuel cell separator as in claim 2 which includes at least one coolant field, said coolant -
fleld being disposed upstream of said humidification fleld and comprising a depth feature formed in a
central closeout platelet. _

4. A polar fuel cell separator as in claim 3 wherein said coolant field communicates through
internal vias from said closaout platelet with at least one of sald humidification flelds in an adjacent
platelet to provide heated humidification fiuld to said humidification field.

5. A poler fuel celi separator as in claim 4 whereln, in assembly with an electrode membrane
assembly, said humidification field of an anode or cathode side of a first separator assembly is in counter '
current cross-membrane humidification communication with a reactant gas humidifying fieid of a cathode

_ or anocde side of an adjacent separator by heated coolant fluid vapors passing through said membrane
"5 in said humidification fisid. '
' 8. A polar fuel cell separator as in claim 5 wherein said platelets are bonded by diffusion
bonding, welding, brezing or soldering under heat and pressure, to form said monolithic separator.

7. A polar fuel cell separator as in claim 6 wherein said separator is a bipolar separator -
comprising an anode side and a cathode side, and sald fleld channels are tailored in length, micro-
channel cross section dimension, and serpentine configuration to the gas composition and viscosity

8. A polar fuel cell separator as in claim 6 wherein said separator fields include an H,
humidification field, and an Air/O, humidification fleld.

8. A polar fuel cell separator as in claim 8 wherein said separator fields include a plurality of
coolant fields. '

21

A

6
L. .
“ Wy

onn 1o : .. AMFNNEN QURET



hondi ng. 20. A nmethod as in claim19 wherein W(/ di r%//rfér-z /997
di ffusi GA6BDVEIPRY under heat and pressure, said netal [ arid sl S
[passivating includes exposure to Nitrogen at an el evated terrperature

10. A PEM fuel cell stack comprising in operative combination: a plurality of cells comprising:
|) polar separators and membrane electrode assemblies in a stacked array; i) an anode separator end
plate at one end of said stack in contact with one of saild membrane electrode assemblies; and iii) a
cathode separator end hlate at a second end of said stack in contact with a membrane electrode

5 assembly; said bipolar separator, and said anode and &ethode separators are separators as in claim 1;
. and said cells are assembled In sequence under compressicn to form an operating IFMT microchannel
 architecture-based call. |

11. Afuel cell stack as in claim 10 wherein said features include at least one humidification field
for a fuel or an oxidant, and at least one cooclant fleld in communication with said humldlﬂcatlon field to _
provide heated fluid to said humidification field in the same separamr

12. A fuel cell stack as in claim 11 whereln said fields are tailored in length, micro-channel
cross-section dirmenslon and serpsntine configuration for H, as fuel and Air/O, as an oxidant.

13, Afuel cell stack as in claim 12 wherein said separaters are formed of diffusion bonded metal
selected from Ti, Al, Cu, W, Niobium, stainless steel, alloys, laminates, platings and composites thereof:
sald membrane electrode assembly Is selected from a carbon paper coated PEM and a carbon
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(57) Abstract

leceﬂmcks.(l)eompﬂsingsuckedsepmmdmcmbme.ehcmdeumblyceﬂsinwhichﬂ:ewpmmscompﬁseaseﬁuof
stacked thin sheet platelets (30-1 and 30-7) having individually configured serpentine micro-channel reactant gas humidification (35, 40),
active area (25) and cooling fields therein. The individual platelets are stacked with coordinate features precisely aligned in contact with
adjacent platelets and bonded to form a monolithic separator. Post bonding processing includes passivation, such as nitriding. Preferred
platelet material is 4-25 mil Ti in which the features, serpentine channels (52), tabs, lands (54), vias (61, 63, 65), manifolds and holes,
are formed by chemical or laser etching, cutting, pressing or embossing, with combinations of depth and through-etching being preferred,
The platelet manufacturing process is continuous and fast. By employing CAD based platelet design and photolithography, rapid change
mfemdaignanmommodmawidemgeofmemﬂmmmmmdmmidiﬂmﬁmmhniqm 100 cell H2-O/Air PEM fuel cell
stacksoftl’nileMTplateletdesignwillexhibitoutpmsontheouduofJSlekg.me&étimecgmtermanclmgmphiteplatepm
stacks. : :

N &



