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[0001] This invention relates to nethods for

fabricating mcrofibrous el ectrochem cal cells,
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material is subsequently renoved to create a lunen in

the mcrofibr I sage of
fluid. Descri ﬁ#@%@@?ﬁ? d&@ﬂ%@%%?@%m The
m crocell technology is described in U S. Patent Nos.
5,916, 514; 5,928,808; 5,989, 300; 6,004, 691;
Field®f 838nRdfisn 6, 399, 232; 6, 403, 248; 6, 403,517; 6, 444, 339;
and 6,495,281, all to Ray R Eshraghi. The
[000 11 Thiefihtentas ratatsl tos tethodsufee fedating ederdfibrouseslectpahearntad cells,
conprises hollow fiber structures with which
specifitaigytind chiBnbcadingealemovabhysoberatesnaurie]l asswppat fod additid83joatings
The af orementi oned Eshraghi patents specifically
thereot€ Sile bechaemvvable ks traiel mafetiall is obbdquenslyirethovelh &screate @ hien in the
current collector, a hollow fibrous nenbrane separat or
micr&ftbada ifindl Bedls analelveatsagd oftfieid. medi um  an outer current
coll ector, and an inner and outer el ectrocatal yst
| ayer on the inner and outer surface of the nmenbrane

Desc@gﬁgg{ﬁbga?ega&e%%] Such mcrofibrous fuel cell further

ngated |lunen within the holl ow
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with the required fluid path involves formation of a
hol | ow fi brous menbrane separator by extruding a

[OOOQE lfﬁé gip)r%ﬁlentioned Eshraghi patents specifically describe a microfibrous fuel cell, which
has an inner current collector, a hollow fibrous membrane separator containing an electrolyte
medium, an outer current collector, and an inner and outer electrocatalyst layer on the inner and

outer surface of the membrane separator.

[0004] Such microfibrous fuel cell further comprises an elongated lumen within the hollow
fibrous membrane separator, which provides a fluid path to allow the passage of either fuel (such
as hydrogen or methanol) or oxidant (such as oxygen). The presence and clearance of such fluid

path is essential for the microfibrous fuel cell to properly perform its energy-generating function

properly.



form ng polynmer through an orifice of an extrusion
nmold referred to as "spinnerette," either before
w0 p®ensi2en of the inner current collector, or PCT/US2003/041148

concurrently around the inner current collector. A
liquid or gas is blown through a bore-form ng tube .

[0005] oeenverfiongl methodsdpr fapricgting fieh axerpligpesnfuerdetl in';i%l, the geqgiged fluid
to forma lunen within the fibrous nmenbrane separator

path dryolvey Aerehatiorhef prhedew dibaovstaemiganet feparhior byexirpdipg @ugembrane-
menbrane separator is slightly |larger than the outer

formigg apksmer thepugh #reorifiva oF arcarirpdion meldirefeeeddp as “pivapreiicr @ther before
| eaving a fluid path for passage of fluid fuel o

insertidyeqf shetipery girrenteonleter er aguaiently apunsiibhinnes g eollspiar. A liquid
met hods, see the U S. Patent Nos. 5,916, 514,

or gaB isdR@vistherues 2 989 fentng Hbrilogign tigocenter pitho 6itruploneiiqe, so as to
such conventionally methods depend on use of a |iquid

form @durgengaichim the dibrayprmambiang septiaiongpaintmednibe fnnpisdigmeter of ghe hollow
and cannot provide sufficient support agai nst

fibrogkerhiembrante soprraenis elightlplprgsk ther Higloufepdismeten afitipgnpgs gurrent collector,
manuf act uring process. Therefore, the hollow fibrous

therefremiseaing 2 fhehpathtorpeseeyr el fued dedrethrersio dBorrragre digipflepf such
fromflat spots, which refers to bl ockage of the

convénjiged) methoflh seeftha V) §. Praenh Nes. 519165 51 6 928.8@8; 8889, P Whandd,004,691.
t he nenbrane separators, due to deleterious externa
force applied to the nenbrane separators before the
menbr ane separator wall becones fully solidified.

[000§]0B 073 veT ruetecanientiondlyendtiods depsnd ionuisegf adiguidion atgee agp tlumen-
to provide easier and faster ways to produce _

formig et o duis affiped andedannpt prgivide spificientesupportrgainpteiefoagetiosfeaused
the required fluid path therewithin. [0008] Moreover,

by extraalclorpe edvring il mprpasbeiss ercessabFhicesdere.nige tipldow fibrous membrane
m crofi brous fuel cell formthe inner electrocatalyst

separpigysefiornagd hyesuck inetod amen swlfey figit Aattshetshwhiploefdrs b blaakage of the
menbrane separator via co-extrusion, or after the _

lumen oF [thowflvid brtb rsithire srseifin cccsiersapizthe mephEng senaEys, e fp deleterious
formed. The co- extrusion process is very conplicated,

exterpp} dorch epriliath & the Inesstbrane aerarajoss befrs thheehblapoigpiater §igh becomes
menbrane | ayers formed by such process are al so

fully selisiifeedt t o significant deformation, due to the fact
that such co-extrusion process provides little or not
support to the newy-fornmed inner 2 WD 2004/ 067259
PCT/ US2003/ 041148 el ectrocatal yst and hol | ow fi brous

[000 e Fhara herefay s rsopfafme aceldnhieartdo groividdicasics ard fpfer ways to produce
t hereof. Subsequent catal yzation of the hollow

micréfjbisgus dige! padlvbridinlétle eparbiaclszeeiof tha srquised Juid pay thereaithi,
but

[0008] Moreover, the conventional methods for fabricating the microfibrous fuel cell form the
inner electrocatalyst layer either simultaneously with the hollow fibrous membrane separator via
co-extrusion, or after the hollow fibrous membrane separator has already been formed. The co-
extrusion process is very complicated, and the inner electrocatalyst and the hollow fibrous

membrane layers formed by such process are also subject to significant deformation, due to the

fact that such co-extrusion process provides little or not support to the newly-formed inner



al so increases the risk of blocking the required fluid
path within such hollow fibrous nmenbrane separator
walenodngr2she catal yzation steps. [0009] It is tPEr/ESHOF041148

an object of the present invention to provide a
substrat e-supported process for producing the

electrpcatalpsti andohedlofwu &brove |thembring akére Hbefome icamplete solidification thereof.
el ectrocatal yst |ayer can be first fornmed on a

Subse@rnvableatsngtthahdlowvafiftfow menthenemepdrgenismyt nely epinplicated, but
| ayer is formed on and supported by such inner

also @lcmetes deaishlof blocking dre, requiired dlvid tabewinsydibiodlow (ibsqus aembrane
can be subsequently renoved to formthe required

sepatfaton gtingdherratalyzdtion stehe nenbr ane-forning nmaterial | ayer.
Such substrate-supported process provides structura
support for both the inner electrocatal yst |ayer and
the nmenbrane-formng nmaterial |ayer before conplete

[000g]o Ktiiglthetetam¢ aropbjedtof thefpreseitt immsntianrtb prayidepl subjtete-supprsted process
overal | manufacturing process, but also significantly

for firoduciog élse toimzoftpuasi fugl etls,tihevhighc arofrinkr elegrocftelast layek [cgn be first
formed thereby. [0010] O her objects and advant ages of

formehen pr egemabld subsmate,omdwd Inlembenerfrminguhdtyria Jayer enforfocdon and
the ensuing disclosure and appended cl ai ns. SUMVARY

supp@ed iiBudhNpEENE e AN citBIg E 1dyel vdeemakemmovallesmbitate damboswbsequently
aspect relates to a nethod for fabricating a

removed ko faripr theiseduired fluglepdth stithincthe mesmbrameyieingig gatetial lggst Such
the steps of: (a) providing a fibrous substrate

subsigdte-sipported praehrevidey satctirdasppogrier bodnihe atvleeclsatiosatalyst dayer and
material in solid phase; (b) coating a |ayer of

the nmeerbmeriemfing materipl trarerdrefcad campdate sofidificationdlrsecfuB ot enfyesimplifies
structure; and (c) subsequently renoving such

the avemih v fectginggirocsse buteise rsigalficargly imgroves thenwality ¢fah¢ awerofibrous
fi brous nenbrane separator having a bore side and a

fuel gflefdrmed Hereby3 WO 2004/ 067259 PCT/ US2003/ 041148
wherein the mcrofibrous fuel cell structure conprises
(1) an inner current collector, (2) an outer current

collector, (3) the hollow fibrous nenbrane separat or,
[00104h &tler pbjsatcand dvantages of the present invention will be more fully apparent from the

ensuing disclosure and appended claims.

SUMMARY OF THE INVENTION
[0011] The present invention in one aspect relates to a method for fabricating a microfibrous fuel
cell structure, comprising at least the steps of:
(a) providing a fibrous substrate structure comprising at least one removable substrate

material in solid phase;

(b) coating a layer of membrane-forming material over the fibrous substrate structure;
and
(c) subsequently removing such removable substrate material, so as to form a hollow

fibrous membrane separator having a bore side and a shell side,



fi brous nmenbrane separator conprises an electrolyte
mediumand is in electrical contact wth the inner
w@osee2scol | ector at its bore side and the ouPEr/US2003/041148
current collector at its shell side, and wherein the
bore side of the holl ow fibrous nenbrane separator
f urthigeein the aygsefibses fzgl palirrimctatelcombrings (laes ager afrerticollagtor, (2) an
t heret hrough, (4) an inner electrocatal yst |ayer
co&tienguresht edilectpio(3) diwe Hallowolibsousendmbaane ssppmioravbereiatsuch hollow
its bore side, and (5) an outer electrocatalyst |ayer
c odibrquwg membrane s¢pataon wohprired s elasirehitamedismpad &t wrelegtrical contact
its shell side. [0012] The solid-phase renovabl e
subgthrthe emerequereitapllesfor ghids byre sideend the entei omreptr @lipdesat dts shell
sol i d- phase substrate of sufficient nmechanical
st seagetd fbereinh e nond sida eoff de niolgw nfilirewsi alembaye separator further
coated thereon, so that such nmenbrane-forn ng
matcemprzges pdymen elépving passagared fwid temstirouby @@ sn dunei pigctrocatalyst
the manufacturing process, when the nenbrane wall is
notlaypegoaties rglihe ihélgb.w Borews membranepisparator @rits\batsl side, and (5) an outer
substrate nmaterial is subsequently renoved to forma
| uisatreshlabygii lesgr pratiesmepetheholfom fitdous teabenk sepagtor aiSisisbel side.
the solid-phase renovabl e substrate material is
renoved only after solidification of the nenbrane
wal |, such lunen is well protected agai nst defornation
[001g1urThp golidughasavgmatahlst substrate peiode of theTpresehbinventiof ipbavades a solid-
menbr ane separator forned by the nethod of the
phasp sehstaie of sfleqient owchiehisaletrongth fo theanemsbranedbmzng fptgiiel layer coated
path with few or no flat spots. [0013] The term"solid
therqohaspethatzaychymenbiaes-Brming efagaris] tapertdae withsterel externah dorces during the
material used, as being a non-liquid or a non-gaseous
manyagterngairocgss, whaihe memperes walkis astdeigotidifiedit $nok phiigiihese removable
pressure. [0014] Anot her aspect of the present
subsgip| neferidl o subbeaveslyt owverbtthofdri or Mimbyy ialewinggpassage of fluid
m crofibrous fuel cell structure, conprising the
thereghreysdh. ofSinceathe pyobidiplidsa gremavibtm evbstrete r meteria ols| wotoved whly after
a mcrofibrous conformation; (b) form ng at | east one
solidifzppiagn effthe mambraty walk gishtlpaereis veetlanrdtedtedoageinstt deforinativer during the
current collector; 4 WO 2004/ 067259 PCT/ US2003/ 041148
manyfagturingy prpeess- alhhd hellor Birewst mewbrerd septratonfemed b thesmethod of the
at | east one |l ayer of renovable substrate material;
present invention therefore contains a clear fluid path with few or no flat spots.

[0013] The term “solid phase” as used herein refers to the state of the material used, as being a

non-liquid or a non-gaseous material at room temperature and under atmospheric pressure.

[0014] Another aspect of the present application relates to a method for fabricating a microfibrous

fuel cell structure, comprising the steps of:

(a) providing an inner current collector of a microfibrous conformation;
(b forming at least one layer of removable substrate material over the inner current
collector;



(d) form ng a nenbrane-formng material |ayer over the

i nner el ectrocatal yst layer; (e) formng an outer
web@eneasat al yst | ayer over the nenbrane-f or m POI/US2003/041148

material |ayer; (f) renoving such at |east one | ayer

of renovabl e substrate material; and (g) attaching an

ouf®@r cirmins ancighdr edtececatalystalayes W susly pf lgese oo lay¢reof removable

outer electrocatalyst |ayer, so as to formthe

m cr of i Behsiyaje fmatstialcel | structure, which conprises (1)

the inner and outer current collectors, (2) the inner

an@dout drmiigecnendeancabyring matyed yernydr theinnereldstbdanlyst layer;

fi brous nmenbrane separator formed by the

mef@r anérmitgranmyicpelediopalyst yeroventhemenbranarforhok nsigrial layer;

fi brous nmenbrane separator conprises an electrolyte

med um zemepvingsueh 45 dnagl on¢ ldier ahngmavablihwubstraty aicriakiang t he

i nner current collector and the inner el ectrocatal yst

| ay®r aettachimglap oeter girget cobesthr tihan ouieresurieagrof ghstouter electrocatalyst

coll ector and the outer electrocatal yst |layer at the

shel | silayer, and wherein the bore side of such holl ow

fi brous nenbrane separator further conprises a |unen

whise#s to orfrptheraderpijbrousrfuel gbll gfuctutee whishgomprises 6l thstinger end outer

material, to all ow passage of fluid therethrough.

[ Ooursint Thisctarst Bothedenst aridoaittr hlsptedcatalyseyess, g () emhalloy fibrous

sinplifies the manufacturing process for mcrofibrous

f ualembeang sepaaieir Emedh bib fhe snegbrane-fiaronine mmatelizh inyemwherdin the hollow

scal e-up production of such mcrofibrous fuel cells.

[ 06b®ps Bywhrane sdpadtor somprises pmplealtomodive ot ihana bpre side and a

m crofi brous fuel cells. Instead, such

s ubletlrsidee with Slsoinnes durrestt lsoliEcton andythe iimge Elpctrpsatalyfideyer at the bore

production of any mcrofibrous electrochem cal cells,

wheidaiand the loytgpenriest qoBepir redith ovteyrdeptracptalyst lafr¢rigt the shell side, and

t heret hrough. Such mcrofibrous el ectrochem cal cells

i nvherdis, thp bpreaside efotuch ihpllave fibtons miembdiang eprlagtorvipttlesr comprises a

el ectrolyzers, <chloroalkali cells, etc. 5 WD

200wicp 67 281y isHOTHed Sy 00 8¢ @ Haf1thgrenopdric7dubTtiaty mbtora, to gllow passage

still further aspect of the present invention rel ates

t o obflyréthersthréugh. f abri cating a microfi brous

el ectrochem cal cell structure, conprising at |east

the steps of: '

[0015] The method described hereinabove significantly simplifies the manufacturing process for
microfibrous fuel cells, which enables continuous and automated scale-up production of such

microfibrous fuel cells.

[0016] Such method is not limited to production of microfibrous fuel cells. Imstead, such
substrate-supported method can be widely used for production of any microfibrous
electrochemical cells, wherein a lumen is required for passage of fluid therethrough. Such
microfibrous electrochemical cells include, but are not limited to, fuel cells, water electrolyzers,

chloroalkali cells, etc.



(a) providing a fibrous substrate structure conpri sing
at | east one renovable substrate material in solid
wpbasee7260) coating a |ayer of menbrane-for m nRCT/US2003/041148
material over the fibrous substrate structure; and
(c) subsequently renoving such renovabl e substrate
[0017inTeerefate, a sifl fasthdr@sieot ofitie predehiomvenfiorrelates tove mothad éor fabricating
separator having a bore side and a shell side, wherein
a mi¢rb@brnusciteofrodbemicsal cell siptctuog hemprisalg a¢ kit tigtstepsofiir e
conprises (1) an inner electrode, (2) an outer
el é)t r ogmyidfrg)a fitheus lvdistratevstichrocrsnpmisind plasst sepamatabdle, substrate
wherei n such hollow fibrous nmenbrane separator
conpr i semteanl ipbddtphadeyt e nediumand is in electrical
contact wth the inner electrode at its bore side and
t hé)out evatief e ttyerod eneatbrant-dorgivgy thateriall eyer dirdibravsenlsirate structure;
the bore side of the hollow fibrous nmenbrane separat or
further asbnprises a lunmen allow ng passage of fluid
t heret hrough. [0018] Still another aspect of the
pr é9ent sitns@aitlyopmeeh@suel ranmvableretbsioade faterifladr dsgafarmg hollow
a mcrofibrous fuel cell structure, conprising at
| east t Hfibrost epabrade sepadtoprawing dibmg sale end stell bide,
conprising a solid material; (b) formng at |east one
| ayderemnf thamsnefibras leecpathymisali cll sendura nemproen{N@gn inner electrode,
material over the core fiber; and (c) contacting such
at (Deastuteorlectt@lye) df Holew Sivaluk alsinbrape lsspaetdrcwherein such hollow
menbrane-formng material with a swelling agent, so
t hdibronheembrahe septraton esthnser anofledidobytesmeditira lah@ ispiol elagigicalcontact
menbrane-form ng material expands and detaches from
t hevitbahe ifmebelegtrodadt (tel bosudideandetht loyter elvotvadacpt titseshell side, and
det ached core fiber, so as to forma hollow fibrous
e whe@ineghslgpasidd dithetamilibwdibepuborabendepantdr Artbéralomprises a lumen
side, wherein the mcrofibrous fuel cell structure
c onjiowisgepasfady offiuid thaethraghr ent col | ector, (2) an
outer current collector, (3) the hollow fibrous
nmenbr ane separator, wherein such hollow 6 WD
2004/ 067259 PCT/ US2003/ 041148
[0018] Still another aspect of the present invention relates to a method for fabricating a

microfibrous fuel cell structure, comprising at least the sfeps of:

(a) providing a core fiber comprising a solid material;

(b) forming at least one layer of a swellable polymeric membrane-forming material over
the core fiber; and

(c) contacting such at least one layer of the swellable polymeric membrane-forming
material with a swelling agent, so that the at least one-layer of the swellable polymeric
membrane-forming material expands and detaches from the core fiber; and

(d) subsequently removing the detached core fiber, so as to form a hollow fibrous
membrane separator having a bore side and a shell side,

wherein the microfibrous fuel cell structure comprises (1) an inner current collector, (2) an

outer current collector, (3) the hollow fibrous membrane separator, wherein such hollow



fi brous nmenbrane separator conprises an electrolyte
mediumand is in electrical contact wth the inner
w@osee2scol | ector at its bore side and the ouPEr/US2003/041148
current collector at its shell side, and wherein the
bore side of the hollow fibrous nenbrane separator
f ufibreap megbrape iseparpton chmprisas & fleskiohde pedivmged d&f infdlagirigal contact
t heret hrough, (4) an inner electrocatal yst |ayer
coatithribe tnent dweenicbllevior £t Iy ous side At the euisepareat eileder at its shell
its bore side, and (5) an outer electrocatalyst |ayer
coddpngndmwhelsm el basevside rfoths hedetyr Bimeuss ewmbanosemtator further
its shell side. 90019] The term "swel | abl e pol yneric
me GPnERRes Bdpmenallavangepdssage of luids therethequgh.n(4) ef émer loctrocatalyst
any polyneric nenbrane-form ng material that
undryeyeneting/ o tnedoildve feepamelyanestsparatbieitriy bowrtidec treld(5) an outer
with a swelling agent. [0020] The term "swelli ng
agelsetrocaslysidensr pratied on thehdloy fthoougmenibiane sebawtor gits shéibdide.
interacts wwth a polyneric nenbrane-form ng nateri al
and causes such material to undergo volunetric
expansi on. Such swelling agent is preferably a liquid
[0018h [The trrm “seelablgpolyatede mombrmane-Srgiginata il vasnised o2 fdfers to any
Yet a further aspect of the present invention rel ates
polymericmpmbrantiiofroing fratsriplahat undpreves valemesfi¢ brpeursonf wieh beiaf kontacted
structure, conprising at |east the steps of: (a)
withgseolliog sggnta core fiber conprising a solid material;
(b) form ng an inner electrocatal yst [ayer over such
core fiber; (c) formng at | east one | ayer of a
swel | abl e pol yneric nmenbrane-form ng material over
[0020hdb¢ temvarswetlbng saoutloased thedemyrefers o dy tiquidriongasahat gutereets with a
el ectrocatal yst | ayer over such at |east one | ayer of
polymigd Ingrbbrenc-foohippmaicgalppdbrvasseuttomatenad tovertdergp ablumgtle expansion.
contacting the swellabl e pol yneric nmenbrane-form ng
SuchrssiteBing agenf imypeafereily hliguidsadtent, mugh angetat ortap orghhie stlut.e
expansi on thereof, resulting in detachnment of the core
fiber from such swell able polyneric nmenbrane-form ng
material |ayer as well as fromthe inner and outer
[002¢] &et eolvetherl aspect |afythe presentdnZnigd 204 @6726@hod for fabricating a
PCT/ US2003/ 041148

microfibrous fuel cell structure, comprising at least the steps of:

(a) providing a core fiber comprising a solid material;

(b) forming an inner electrocatalyst layer 6ver such core fiber;

(c) forming at least one layer of a swellable polymeric membrane-forming material over
the inner electrocalalyst layer;

(d) forming an outer electrocatalyst layer over such at least one layer of swellable
polymeric membrane-forming material;

(e) contactihg the swellable polymeric membrane-forming material layer with a swelling
agent to effectuate expansion thereof, resulting in detachment of the core fiber from
such swellable polymeric membrane-forming material layer as well as from the inner

and outer electrocatalyst layers; and



(f) subsequently renoving the detached core fiber, so
as to forma hollow fibrous nenbrane separator having
w@29106728¢ de and a shell side, with the inner PCT/US2003/041148
el ectrocatal yst layer at its bore side and the outer
el ectrocatal yst layer at its shell side, wherein the
m €D ofubsaquently frgmbving|the detralied were Bhempsd sedo (fdn anhollow fibrous
i nner current collector, (2) an outer current
col | emtmbprane Rparpthehdvoigladwre didsrand s shedhdidea math Slepianatelsrtrocatalyst
wherei n such hollow fibrous nmenbrane separator
conpr legest itsrbord sedetand thgtoatendetitiaentalyst layer at ris gieBside,i cal
contact wth the inner current collector at its bore
si adiergindhe meerafibras fuglielletriictengIchrmaprises (1aen inner astret|collector, (2) an
si de, and wherein the bore side of the hollow fibrous
me wbienerereseqrdlecton (3) fthg hddlow fibcanypmandbeane sepamten whtteipvsueighollow
passage of fluid therethrough, (4) the inner
el dibtous gwminhiaps sepatatoy spmprisaglar cttohite wediem and is in electrical contact
el ectrocatal yst |ayer. [0022] O her aspects, features
anwithdiainhagagewfcolldreor iahisebrre side wid the batenoirent eglllegfor at its shell
apparent from the ensuing disclosure and appended
c| aiders andBRhERINDIESGRIP FIdON {Oke THaEoO DR INCBenbRAS |separator further
Figure 1 is a perspective view of a process for
pr eomprisaga dutheyl 4llowifg pasengs ofrélmidrtherethrogelp d#atherinner electrocatalyst
according to one enbodi nent of the present invention.
[ 00eyad, ari (§Liithe sutgyelestrdcalysblerercr oss- sect i onal vi ews of
two fibrous substrate-structures of different
enbodi nents, each of which is coated with a | ayer of
menbrane-formng material. [0025] Figure 3 is a
(0028} @ler sepceth,dratirey insvpdydntagepoiobe swerftion il bd umirafplla apparent from
hol | ow fi brous nmenbrane separator, according to one
the easriprtlisetosure ofid appended elsiest i nvention. 8 WO 2004/ 067259
PCT/ US2003/ 041148 [0026] Figure 4 is a perspective
view of a process for producing a hollow fibrous
menbrane separator with an inner current collector
t herei n, accoBRIERHDECRITEI@NOEATHERRASIINGSe present
i nvention. [0027] Figure 5 is a cross-sectional view
of a fibrous substrate structure coated with a | ayer
of nmenbrane-form ng material, according to one
[002&hibetient g @ ofrspdebvepyies exfita prpseemnfor groducing a hollow fibrous membrane

separator, according to one embodiment of the present invention.

[0024] Figures 2A and 2B are cross-sectional views of two fibrous substrate structures of

different embodiments, each of which is coated with a layer of membrane-forming material.

[0025] Figure 3 is a cross-sectional view of a process for producing a hollow fibrous membrane

separator, according to one embodiment of the present invention.



[0028] Figure 6 is a cross-sectional view of a process
for producing a hollow fibrous nenbrane separator
WOWREh/06#259 nner current col |l ector therein, accopdi/nsRons041148
one enbodi nent of the present invention. [0029]
Figure 7 is a cross-sectional view of a process for
[002pf dibuci hds @ phpdeovw Fiewn rod wsproesbfoapeodusiepartatiow fikirdus raembrane
i nner current collector therein, according to another
separith odibneninnef cunkest @ilegenthereinneentdingnto §re0AModimegupeth8 present
IS a cross-sectional view of a process for producing a
inveft®nl ow fi brous nenbrane separator with an i nner
current collector and an inner el ectrocatal yst |ayer
therein, according to one enbodinent of the present
invention. [0031] Figure 9 is a cross-sectional view
[0029f Fegupr D sesaofsaectpnddisot pl)a Abtood bubsirdi¢ rotse eaaddreitiea layer of
separator with an inner current collector, an inner
membtagefarmigtradtermt, abcayding to anderstrodmentof tid ekntooahady st
| ayer, according to one enbodi nent of the present
i nvention. [0032] Figure 10 is a cross-section view of
a mcrofibrous fuel cell structure, formed by the
[0028je Fipock ©fs at dness{pectismh viewmnifantrowess. fo prdlic2(OANdB¥2BHous membrane
PCT/ US2003/ 041148 [0033] Figure 11 is a perspective
sepamafoe Withf araimnex¢urigsti @illeporothess, haordapployénegeniiodiment of the present
addi tional layer of material to a thin fiber.
inveiehAl LED DESCRI PTI ON OF THE | NVENTI ON, AND PREFERRED
EMBODI MENTS THEREOF [ 0034] The di scl osures of Eshragh
U S. Patents No. 5,916, 514; 5,928,808; 5,989, 300;
6, 004, 691; 6, 338,913; 6, 399, 232; 6, 403, 248;
[0028], H(}Bre5/i4;a diosd-4ebtiB30 vieanut agyrd@ss, BBHrodsinged hollaw filhr@is membrane
Patent Applications No. 10/188,471 and 10/ 253,371 are
sepatatvC ovifhcnatred civesnecallediyr thebiesr @nading ite atditer embodispe of theepresent
entireties and for all purposes. [0035] As used
invedt@nei n, the term"mcrofibrous” refers to a fibrous
structure having a cross- sectional outer dianeter in
a range of fromabout 10 micron to about 10
mllimeter, preferably
[0030] Figure 8 is a cross-sectional view of a process for producing a hollow fibrous membrane

separator with an inner current collector and an inner electrocatalyst layer therein, according to one

embodiment of the present invention.

[0031] Figure 9 is a cross-sectional view of a process for producing a hollow fibrous membrane
separator with an inner current collector, an inner electrocatalyst layer, and an outer electrocatalyst

layer, according to one embodiment of the present invention.

[0032] Figure 10 is a cross-section view of a microfibrous fuel cell structure, formed by the

method of the present invention.



fromabout 10 micron to about 5 mllinmeter, and nore
preferably fromabout 10 mcron to about 1
worRdosioeser . [ 0036] The present invention utilPZEESHE03/041148
sol i d- phase renovabl e substrate material, for formng
a lunmen inside a hollow fibrous nmenbrane separat or
[0038]0Figarertilds @ bérbyeotirg Vieredf anekirusidnGOR:2}s b giplyengldd slbtivsal layer of
the basic conmponents of a mcrofibrous fuel cel
matesitirtole thid Bherwhi ch i ncl udes an inner current coll ector
82, an inner electrocatal yst |ayer 102, a holl ow
fi brous nenbrane separator 112 conprising an
el ectrol yte nedi um (not shown), an outer
el ect r ocat aDETATILEY BESCRIPTION OF HiiE DNVENTION, I ent
col | ect or 13ANDHREHERREODVENIBODOIMENTE MHIEREOFS epar at or
has a bore side and a shell side, wherein the bore
side contains the inner current collector 82 and has
[0038]h&hé Aisdssures beBihi AU S| Padntd My &1918,0 24; S 80I8; t5tp80 8001,6,004,691;
and wherein the shell side is in contact with the
6,3389113e16,398,087; 66)403¢2aR] 6,200517182448689; has 61496,20Utefwell as U.S. Patent
el ectrocat al yst |ayer 122 coated thereon. 10 WO
Appl22Qdhs 08d.2 591 RN Und00B32 0411 48 infcofpdthtedTheeih byl €sférence, in their
fi brous nmenbrane separator conprises an electrolyte
respd¥eaH dmfitetivd¥ind Horc@pulpesesei t her a liquid el ectrol yte
medium or a solid electrolyte medium Preferably, such
electrolyte nmediumis a solid material, such as an
I on- exchange ceram c material or an ion-exchange
[003pj0lAY NREd Berti] eHel tadm “Mizkefibpruef esf@abliy a Shtely @heited hdwHgea cross-
mediumis a solid ion-exchange polynmer (i.e., either
sectienal alittrofib@etexidhargge Pofyiaboud 10 aficran it® Bboit €X elikinger, preferably
pol ynmer) selected fromthe group consisting of
frompe6dt|10 hoaah kodbosid hidlith@erafiddndd@pretradd} féte hiSout 10 micron to about 1
pol ysul f one- based pol yners,
millipetef.| uor ocar boxyl i c- aci d- based pol yners,
styrene-vinyl - benzene- sul f oni c- aci d- based pol yners,
and styrene-but adi ene-based pol yners. The hol | ow
fi brous nenbrane separator may be m croporous, wth
[0036] Ui Pregunt ERbtidn altiigds ra0doyid-phave tinbvableRRGNa h@kkrial) for forming a
m cropores of such nenbrane separator. More
lumep firside aabllyty fiblegs ehbrame epdtaifer Meithitdrgs aepadiat or i s
itself a solid ion- exchange nenbrane, which consists
essentially of either a solid ion-exchange ceram c or
a solid ion-exchange polynmer and functions both as
[0031]hEBignr0rsAses thewbdsicofpdnefits /4 clichgibsdus Bel collakruSte p@liith includes
and the electrolyte mediumfor carrying out the
an il Clifed€ helidcals2) emdneo Blectiosatalpdt dayedf103,Ug holl@i -fibrous membrane

separator 112 comprising an electrolyte medium (not shown), an outer electrocatalyst layer 122,
and an outer current collector 132. The hollow fibrous membrane separator has a bore side and a
shell side, wherein the bore side contains the inner current collector 82 and has the inner
electrocatalyst layer 102 coated thereon, and wherein the shell side is in contact with the outer

current collector 132 and has the outer electrocatalyst layer 122 coated thereon.

10



exchange pol ynmeric nenbrane include the Nafion(r)
menbr ane manufactured by DuPont at Fayetteville, NC
W b@4Bb2m on(r) nmenbrane manufactured by Asahi P@/ES®03/041148

Conmpany at Tokyo, Japan; the Aciplex(r) nmenbrane
manuf act ured by Asahi Chem cal Conpany at Osaka,

[003 8ja fia¢ hol mdfibrodsemddamanéliSparentcoaipeisqs raa ke g olyteymdddvn, which can be
Chemical at Mdland, M. [0039] The bore side of the

eithehal liqoig ledimotytes madintor ane sdié pddcadlgpte hedidh.e rPrefornbly) neh alectrolyte
umen 91, which allows passage of fluid fuel (such as

medibydisog eslidardtenel kacioky anriomxictant demuth niaseriak pej@n)ion-exchange
t her et hrough. Such |unen 91 provides a fluid path that

polyierieemsteridli allorf prefaréitdy, nmudr ebdtiiyteumediualis e @blid fod-exchange polymer
performits energy-generating function, and bl ockage

(i.e., @fthes u chtidnicnazrha@de wAymd el ed atiordcisdclangé pelginer) helectquiaireen the group
performance of such fuel cell. [0040] The present

consistive ndf operflirecaefonrselfes@scidbaed | dolphase paymifedehtesed polymers,
substrate material to initially occupy the space

perfld@staghvaglid-@id-sah polymers, Slyrenahiidydbenzeferdntfamie-aéidbadet gpolymers,
material |layer is formed on top of and is supported,

and Byrauodhtagiee-thsqah aslemeanoviabl kolbwb sibroat endnstirarel adparator may be
during various 11 WD 2004/067259 PCT/US2003/041148

microfondik aetithr liquid st efplid sdlairogs aeéimn gimegnated/ @umidagpores of such
After the menbrane-form ng material |ayer is

membtahé sephi@tot. [Mors pteifetiatly, etek, hoH o ibsod memphasepsuatos tsriatl€a solid ion-
material is then selectively renoved to formthe

exchiv@e Ingambsgmacehich cdnlsigts lesdertinll9 bf witheh b Rolidiendendhangy derdatiooisa solid
menbrane separator 112. [0041] The solid-phase

ion-eix st yeaidlEnes uhd funatioas beth es thalmembrahé mafpixefereprdvitling etndctuoal support
provides a solid core of high nmechanical strength,

and B ickebirdyp pedius ubseihgent the ektiratiermikal ackdtion. oORadmpllea\wé kigch ion-
of various materials thereon for formati on of various

exchepePEhenirs @émbige idchidefthd Nafisn®™ uembeet |msiifadotadr by Dadont at
descri bed herei nabove, and which preserves space for

Fayegtesile QUE Nhe Foaiai® armbfana nehefactudell biydAqphat Glasn Cospaly at Tokyo,
m crofibrous fuel cell structure. The renovabl e

JapagUhs Atiplee® mehdrdnamaabfaguged by iAdds Cheldicsli Gmglany at Osaka, Japan; and
cushioning for the nmenbrane-formng material |ayer

the TRgaX s inepbiagdpiodiicetd be Dka@ihenlicel o dMidlenlMig or tw sting
during the manufacturing process. [0042] The renovabl e
substrate material of the present invention can be any
suitable material that is in solid phase at room

[0039]e The beaie ide @ntle tolther fibloes atenbmpd e¢patatqnrfesisu rceptaimsl@Humen 91,
as netal, gl ass,

which allows passage of fluid fuel (such as hydrogen and methanol) or oxidant (such as oxygen)

therethrough. Such lumen 91 provides a fluid path that is essential for the microfibrous fuel cell to
perform its energy-generating function, and blockage of such lumen 91 can deleteriously affect the

power performance of such fuel cell.

[0040] The present invention therefore uses a solid-phase removable substrate material to initially
occupy the space designed for such lumen 91, while a membrane-forming material layer is formed

on top of and is supported by such solid-phase removable substrate material during various
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ceram c, polymer, etc., provided that such materia
can be subsequent renoved in a selective nmanner,

WO 2@4/061259 a net hod that does not renpve the baBCTUS2003/041148
conponents or parts of the microfibrous fuel cel
structure. For exanple, such renovabl e substrate

mannfadtetingadteps alichlae caatiaglBityingibting. fie thearhembraver-folinih g material layer is
subl i mabl e under sublimtion conditions that do not
suffieitfithcdolitiified, bash wlid-phgpe ndstrge ohtetifids theh selafivdly cansovbdiel form the
cell structure, such as the inner and outer current
hollwodpaecdralieslymem®! witliiethe doltbvofitireus mehtegicrsemadial 1y 3.t
| ayers, and the hollow fibrous nenbrane separator; it
can also be a neltable material, which nelts under
melting conditions that do not affect the basic

[004¢ o Mhe pehdiphagefrethdvable mutstraé inblealf the @les@e idversiion pedvidega solid core

and it can be a soluble material, which can be
of high sswharéxai] Byength, stick emipotth atbselmentaloatidfof @fcidditibeal h@siscof various
conmponents of the iicrofibrous fuel cell structure.
matef 819 4recnrfoafopnsfonrof @aticsbadpoiertt odthe tnierofibreseit] cell structure, as
i nvention, such renovable substrate material is a
descsiddatethah@te paridavhichsuiehrvessspanzi fob- ssibdetplinefommitdniodh clear fluid path in
al kal i -sol uble material, organic-solvent-sol vent
suchmaiteffibdls firh celaituetires Oftg rérgovable 8tibstthte mda?erMDalso provides additional
2004/ 067259 PCT/ US2003/ 041148 [0044] In a nore
cushjph e dorr thel membradé-foening odatdriablapsr egaind potetahbietitage 8ueCth bending or
renovabl e substrate material is a water-soluble
twistir@l dprieg the nirabfedtuddg. pr&sessce water is a renoval agent
that is the least invasive to the basic conponents of
the mcrofibrous fuel cell structure, use of a
wat er -sol ubl e polyneric material is particularly
[0048uiThabinevilkie substestd materidd bf thé prepehemedition BanietahP Buitable material that
Mor eover, use of water as a renoval agent is both

is inGoOBd pkdsé acioometedpaatard\aind andee fitead tmbspheitprgssufe0Qdh |as Teerl, glass,
wat er - sol ubl e pol ynmer used for practicing the present

ceramioy eolyinet eeg rprivedednitatnatil kraterialr canShendubslghent pahopdRin @ selective
material that is water-soluble and conpatible with the

manteB ier, ibglasnahddsea desst oy renmooathe Gakidcdnfpohdits &lags bBthe microfibrous
structure. Exanples of such water-sol uble polyners

fuel celicdtructarep doy wiample, syay frérdvialble REBiratp elajeyvibinygh bak cotbliphable material,
pol yet hyl ene gl ycol s, polyethyl ene oxides, acrylic

whicads sibliynplele under @iibliaatiotbtediiohsy et &, noraffedt ¢hediakiy @oipl@ents of the
type water sol uble polyners, poly(Nvinyl am des),

micrpfidryachsl|calirstdlesire, padhy eichyhee aed oatere)rent collectors, the inner and outer
pol y(hydroxy-ethyl methacryl ate), polyesters,

electpobtylyst laydrs, andako holives Yibropo me(rbiayiaatrydi@ner) can also be a meltable
pol y(vi nyl nmethyl ether), poly(styrene sulfonic acid),

material, which melts under melting conditions that do not affect the basic components of the

microfibrous fuel cell structure; and it can be a soluble material, which can be dissolved by a

solvent that do not affect the basic components of the microfibrous fuel cell structure.

[0043] In a preferred embodiment of the present invention, such removable substrate material is a
soluble material, such as acid-soluble material, alkali-soluble material, organic-solvent-solvent

material, and water-soluble material.
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pol y(et hyl ene sul fonic acid), poly(vinyl phosphoric)
acid, poly(maleic acid), starch, cellulose, protein,
w@oigmeshri de, dextrans, tannin, lignin, etc.P¢D0LBP3/041148
Such list of water-soluble polyners is only exenplary,
and it is not intended to limt the broad scope of
the present invention. Preferably, such water-sol uble
polymer is selected from polyvinyl pyrrolidone,
[004fjolny ¢imgrk ratieméro Fmnbqulahgnd tdfythe preesegit yioehtiora rdchironayrlds substrate
thereof. Mdre preferably, such water-sol uble polyner
matetialnip i vt -splublg \pohyrlerip yratepiel. d¥ines watel/ isra nembyaliagapk that is the least
al cohol. [0047] Figure 1 shows a fibrous substrate
invagver toche) basicl@nponsgitssofi theg mege@mousdhélycel fstractuvat we -of @l wetdresoluble
substrate material 12. The fibrous substrate structure
polyth€rid wateried s paoEbdy lsyitadlel faymactiof ohtberbresene invewiom Mpreover, use of
material 22, so as to forma coated fiber 20. After
wates @ a reiinbvat agenoip bath codreffentimbardreevifaanentalgiriendly.eri al 22,
the water-sol uble substrate material 12 is renoved by
i mrer si ng such coated fiber 20 in hot water, or by
runni ng hot water through the coated fiber 20, |eaving
[0048]n The watshelublegfolyrive useiFor (e 20D 4 M@G7&E& invention can be any natural or
PCT/ US2003/ 041148 nenbrane-formng material 22 with a
syntheticrpolyBdrid inatemdl nhat rsesaidrispiuble iand eonyiiblewrithi the matsrials subsequently
menbrane separator 30. [0048] The inner and outer
coategiummr te ihie wbdttaectimoetsrec dixaipples elbwenwetat-$ojubd pAwhesl inclyde helyvinyl
hol | ow fi brous nenbrane separator 30, and the inner
pyrr@iddnesup@yviet] edtohols ap@y efistlent agheols, palmethgersudrsdaguemylioyacid type
applied to the hollow fibrous nmenbrane separator 30,
wates isptuble @nlyoes| yabic anhydmipuppe wpter polebiy polydhers, pely@hayinyl amides),
conbi nation. For exanple, the inner and outer current
polyzroylimeides melyedlry ldpeinshan bolpthpdrorst-gthyd tihetidvedate)t polybsters, poly(ethyl
hol | ow fi brous nmenbrane separator, followed by
oxazalpeh), cpdlyErynodfthyidne),i polg(vieyl ewtthplc atler)y spoly(sayee awlfhnic acid),
then application of the outer electrocatal yst |ayer;
poly@thyena atlfonal ycid)t pely(vinyé phespborphneid, pdy@Ewidoedtalstash, cellulose,
| ayers can be sinultaneously applied to the holl ow
protefin, pplyseschmideisiestreas Semar, Hgrom, etc. f ol | oned by attachnent of
the inner and outer current collectors thereto. A
person ordinarily skilled in the art can readily
desi gn and arrange a suitable protocol for
[0046fa Sudhalist of watgr-slubie palynearofsidolyorsmplaey amkeit fisspot depepdiiorlgnit the
on specific material and systemrequirenents. [0049]
broad¥/acdpe w$ theetrbedisintortioap Prdfgaily, onclo vatehslibin pelymerdis elected from
outer electrocatal yst | ayers have been
polyvinyl pyrrolidone, polyvinyl alcohol, polyethylene glycol, and mixtures thereof. More

preferably, such water-soluble polymer comprises polyvinyl pyrrolidone and/or polyvinyl alcohol.

[0047] Figure 1 shows a fibrous substrate structure 10 consisting essentially of a water-soluble
substrate material 12. The fibrous substrate structure 10 is then coated by a layer of membrane-
forming material 22, so as to form a coated fiber 20. After solidification of the membrane-forming
material 22, the water-soluble substrate material 12 is removed by immersing such coated fiber 20

in hot water, or by running hot water through the coated fiber 20, leaving only a shell of the
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described in U S. Patent Application No. 10/253, 371
filed on Septenber 24, 2002 for "M CROCELL FUEL
W@BoW8672FUEL CELL ASSEMBLI ES, AND METHODS OF MAKI/NE2003/041148
THE SAME, " the content of which is incorporated hereby
by reference in its entirety for all purposes, to
meneanerfermingripiteniad 23wt of lbibeo 31k thegil, reseltihg 81t 7 dlowr Bbrass membrane
descri bed herei nabove. [0050] Subsequent renoval of
sepatape 380l | d- phase renovabl e substrate material is
preferably, although not necessarily, facilitated by
providing a renoval interface, which is in contact
with at |least a portion of the renpovabl e substrate
[004§h (The ingpr. angiowier pwrepi/ellestons earf brcwbsequandnstshedio thehollpw fibrous
wor ki ng surface of a renoving agent, such as acid,
memgfage biparatsr §@urinéd theahnge pnd oudar elgeftasetalystriayetsren b¢ ewbsequently applied
facilitates renoval of the substrate material. Such
to the dpiiapa fibions methbrere segarpped® siabltynegushiograin sequeideyin anyoidge or any
t he renovabl e substrate material, through which a
combipationi nipr kaminde, deermive aphesedutrent celleoipes can he siowbsteoadeattached
material. 14 WD 2004/ 067259 PCT/ US2003/041148 [0051]
to thejhgllpw fhrous embrank eseparaiess {dbwed dnabpliceew of the imsatkedrocatalyst
fiber, having a fibrous substrate structure coated by
layerpandatpen apiflicatomintahe ofitor plesfrpeataly s rivygl; @Rtnativelierted mnsuatsd outer
fibrous substrate structure conprises an open cavity
electpopatalysti leeeroéangber mulipatively spblédr tattke heltosr filrbus) @embrFhre separator,
open cavity 21 is elongated, providing a path for a
follopvedryy i atiechirienii of, the dnnfernend putert eimertneplisdtors ftherdte  upersenaomdinarily
material 12'. The open cavity can be in the mddle of
skillgchin the rasiy edsl wsadilybésigat aad 12tangeas sgitablenpriotvcolFfogumamufgturing such
or near the outer surface of the renovable substrate
micrgfbrousgfuel s¢ltsvepending ogspesiiRBnat§rpd SR syFére ragemements.
interface nmentioned herei nabove can be forned either
ab initio, or subsequently fornmed. Specifically, such
renoval interface can be fornmed by using two or nore
[0049]e Yeweus| rectindp Sur apiplisaticet of itheaihrer ofid/ofi dufes elegirocatalyst layers have been
renovability. Figure 3 shows the process of formng a
descrierd] ow U-5.oPetes Aeplivetiore NeepHV268371 filsd mp Seftetbbayudd, 2002 for
substrate conprising two renovabl e substrate
“MIGROEERalFYEL2CEY FIFL 6ELHi ASSEMBIES e ADDaMIETHODS AF MAKING
first renovabl e substrate material 14 (which can be
THEeSAMEY” tholcpriery red sehidy isnipeprmodtédihgsbtaisley redirence dh )itsi eptirety for all
coated by a second, solid-phase renovable substrate
purpprgs, ¢ foan a pompletg orpfilrots fngtoelt smoieesls desstibsithersimbove.
material 14 is nore readily renovabl e than

[0050] Subsequent removal of the solid-phase removable substrate material is preferably,
although not necessarily, facilitated by providing a removal interface, which is in contact with at
least a portion of the removable substrate material. Such removal interface increases the active
working surface of a removing agent, such as acid, alkali, organic solvent, or water, and therefore
facilitates removal of the substrate material. Such removal interface is preferably an open cavity

inside the removable substrate material, through which a removing fluid can be passed to remove

the substrate material.
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the second, solid-phase renovable substrate materi al
12'. A layer of a nenbrane-formng material 22' is

weomtee26wer the second, solid-phase renovabl ePCT/US2003/041148
substrate material 12' and solidifies thereon. After
solidification of layer 22', the first renovable
substrate material 14 is first renoved, |eaving an
open cavity 21 inside the second, solid-phase

[005t e iipuero? 4 sbemrsthe atass-pratienal slew1d' a cated dibgh hawing @hfitaous substrate
renoving fluid can be passed to renove the second,

struoguyt icobtghbis e layenod atsinbragerfwiningt reatenmh 281, i vetlereir] @5 Jjbréwwrsubstrate
exanpl e, such first renovabl e substrate nmaterial 14

struchuae coroprppes se openl @witnd] asidk af a remoghle, subsitaer maadiaildRe The open
pol yneric material, and the second, solid-phase,

cavity @hrovelmgeted ulystidiag e paiR ‘for agamogugriuiil.ge facditdte gimoval of the substrate
nol ecul ar wei ght, water-sol uble polyneric naterial .

mateppkt BY ndhe vpdnycaviguedn Heiin gte middlro? diel remewbBtsubdtete 12°, as shown in
material 14 can conprise a water-soluble polyneric

Figureg/e por rdar tha nutet sudfacsaf thedsmoveolk subsipdiad, asrskomavaldigire 2B.
substrate 12' can conprise a water-insol ubl e,
aci d-sol uble glass material. 15 WD 2004/ 067259
PCT/ US2003/ 041148 Various conbinations of materials

[0052hAhbeemsed iherfaccomstiioned ibaginebevef ¢dnr beifosudds eittet enbofnitio, or
two renovable substrate materials of different

subsequamlyafioirhddt ySpe@hichlyf $uoh canmvsluibistiacten ba foraded by cising ke er more
nore than two renovabl e substrate materials of

remoylflé ewbeindte metenslabf diifergnt ramotabiigy. g § chovek thhaeess of forming a
renovabl e substrate naterial is provided at the

hollayufilrpysos¢mraneesepardtor, giinga Strpwscuibrtiate comppong twogremovable substrate
subsequent|ly applied coatings thereon. [0054] It is

materiplp 32 ’taad {14 t of difterent tehmyatiliip Adirdt camavilde substortomsterial 14 (which can
menbr ane separator of the present invention can also

be elffer aaidapitasggeousisplid-pirase dhateyial)i 5i qogted bgwedet@id] solid-phase removable
pol yneric nmenbrane-formng material, which includes

substagiy mplefiglidt, iand the fist eneviblr ubstigtenedtetal & istivat readiyeegoeBle than
vol unetric expansi on when being contacted with a

the sowld] isoliyl-ptgen remaSehle abbseate xaatplabsl2bf A\ietet alflae membrane-forming
pol yneric nenbrane-form ng materials include

materig?2& xcloatnd evep dleysnend, sahdipipes felnovabbssubstod waterddl d2rmd @olidifies
pol ymers such as Nafion. The swelling agent used to

theregh.f Afi¢nsalidfi¢atien vkyend?’y the fiskpanogdbbmsubstragundteriah &4 isrfest rgnoved,
menbrane-formng material is preferably, but not

leaving mresisacatity, 21 andideghe stcand) spbdiphass et valde substtaie materi@rl2’, through
organi ¢ sol vent.

which a removing fluid can be passed to remove the second, solid-phase removable substrate

material.

[0053] For example, such first removable substrate material 14 can comprise a low molecular
weight, water-soluble polymeric material, and the second, solid-phase, removable substrate 12’
can comprises a high molecular weight, water-soluble polymeric material. Alternatively, such first
removable substrate material 14 can comprise a water-soluble polymeric material, and the second,

solid-phase, removable substrate 12’ can comprise a water-insoluble, acid-soluble glass material.
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[ 0055] Such swel | abl e pol yneric nmenbrane-form ng
material can be directly coated onto a solid core
wo piwene728uch as a netal wire or a carbon rod, PET/Es2085041148
cured to forma solidified polynmeric nenbrane, which
is subsequently contacted with the swelling agent to
Variam chemmaiéong arf shaberiadnchn behesedbipr detstating rthamfibloes sallsirgle of two
core fiber. By pulling out or otherw se renoving the
remosigfl@gibsichtcsobtenhls ofotifferéntbenqvabilityo |Sudwlibrioes ewbstiateotas also comprise
pol yneric nmenbrane is fornmed, and subsequent
morepthac easicmgvaleepbstragcamatogal ak diffetent Empmbdity, caspibret & a solid-phase
m crofi brous fuel cell using such hollow mcrofibrous
remonatib kebnieate nfa@id6]s providel &l the pwiatrovtelaparh@dgive ntryctanl support for
i nner el ectrocatal yst layer, a swellable polyneric
subseypelyapdicti ooatingghéragrer , and an outer el ectrocat al yst
| ayer can be sequentially formed over the solid core
fiber. The swelling agent is then contacted with these
| ayers so as to effectuate expansion of the swellable
[0054oktyisrempatantetobroden thaf te rholigw Inayréibrovshhanibrane deparatoc aflithe present
detachnment of the solid core fiber fromthe polyneric
inventiontoarasies boadvamgeebasyeforasd hyeldingassvidieble polgmednohembitagg-forming
16 WD 2004/ 067259 PCT/ US2003/041148 el ectrocat al yst
mateligy @hh idflddes atsheolghat@c heabeoe-forhingenatéril itenmudtgoes volumetric
hol | ow i crofi brous nmenbrane separator is forned,
expaidiorcihed ébinp eent&tegineitt a svellgapeht.aSioable esamides ofistvialldbleepolymeric
i nner electrocatal yst layer at its bore side and the
membtah@ for@ing chatadad alchslt ibaysehargt potymeshedd paiflderosylfofib-Apid-based
An inner current collector having a dianeter that is
polyaerakitichras Nafion. t Fietswolling hgent esed weelfestobte the vobmeetiid dxpensoaf such
be inserted into the bore of such hollow m crofibrous
polymeirhman@aeeioatiag onterialns paferabby betrnot uecessatilycoliduad savent, such as
can be placed at the shell side of such nenbrane
wates@palogdanic solventf orm a conplete mcrofi brous fuel cell
[ 0058] Anot her enbodi nent of the present invention
involves ab initio formation of a hollow fibrous
menbrane separator with an inner current collector
[0055]h Suchi swellabid diyraar i mksntrive-fatnepe witerig whsbgdiently yoated onto a solid
inserting the inner current collector into the
core (fiberh p@h s 8 eyl atieer oranchrt®nnid, idtiee snd dveed tofemah Isolidified polymeric
manuf acturi ng process. [0059] Specifically, a
membong wdtichve shibdeuenth corgactddrwith the owelliegl agas to ondergpuexparbjon and
whi ch can function as the inner current collector.
thereBy détadhdirvaiuiht selel dordofiiver 4By pdiipg o8 esotherwide eehovinggathé yetached solid
conductive nmateri al
core fiber, a hollow microfibrous polymeric membrane is formed, and subsequent processing steps

can be taken to form a complete microfibrous fuel cell using such hollow microfibrous membrane.

[0056] In an alternative embodiment, an inner electrocatalyst layer, a swellable polymeric
membrane-forming layer, and an outer electrocatalyst layer can be sequentially formed over the
solid core fiber. The swelling agent is then contacted with these layers so as to effectuate
expansion of the swellable polymeric membrane-forming layer, which in turn causes detachment

of the solid core fiber from the polymeric membrane-forming layer as well as the inner and outer
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42, which can be netal, netal alloy, carbon, or
conductive polyners, etc. The conductive fiber 40 is
weomtee29d t h a | ayer of a renovabl e substrat e PEl/E81083/041148
52, to forma fibrous substrate structure 50, onto
which a [ayer of a nenbrane-formng material 62 is
electtdvatnlystdatessd . AfAF therdeigdlied dore ifibart is ommoyéd, tathellow microfibrous membrane
menbrane-form ng material 62, the coated fiber 60 is
sepatatos at fornslpwash tlefineeashed stidaend e hww aldk,evitlsthib sheratlestrocatalyst layer
material 52, formng a hollow fibrous nenbrane
at itsdorraridetand theOpteneledirocatdlymriageralits shelt éln, as well as the
i nner current collector 40. [0060] An outer current
col |l ector can be subsequently attached to the holl ow
fi brous nenbrane separator 70, and an inner and an
(0058 tarinmsr egtanbedlectbytsying ayenster dnt tvemalppithaadhat hEthe tamoved solid
simul taneously or in sequence, in any order or any
core ¢iberhian &t iipertedsiotoake baye DHuh Aolbynmlcedfbrousinerbfank sepasator, and an
fuel cell structure, as described hereinabove. 17 WO
outei2 Q0eh0 60IREIOr RETHUS20 3 Alk1d4B side (O6GH¢h Membrany adparator, to form a
interface as nentioned herei nabove coul d be provided
comgelp adenfibrow fodleell.nner current collector, to
facilitate renmoval of the renovabl e substrate
material. For instance, Figure 5 shows a coated fiber
having a nenbrane-form ng nmaterial |ayer 62' coated
[0058)v émotherserhbodinmni o £ the rpeevent dtntestiguinsolvest @ imifoefoiradtiod f a hollow
whi ch contains an inner current collector 42' and a
fibrong mewéhtane isppagatdragith 5 ifree cerant cSlector ithenon, avhicinberidsathe step of
51 is preferably an open cavity through which a
subs¢quemiyainsef tingi the maer dvgegaskeitbr tigo dfef mattirare| sgpargomandrsgnplifies the
the substrate material 52'. [0062] Figure 6 shows a
overgbatredhchuring procass.cordi ng to an al ternative enbodi nent
of the present invention, which has a
menbrane-formng material |[ayer 62' coated over a
fibrous substrate structure that conprises, from
[0059InSpetaficolly, 2 canduchvesiber 40 seimst peolidedcason FigRte, 4, avhidhrest function as
renovabl e substrate material 54" (which can be either
the immet twlrephadlectar Smdneosdictive Ptrade rommises @ cketalty; conductive material
sol i d- phase renovable substrate material 52'. The
42, Whichstan be metad Indeg! glidystarlaneorrmatdictivd polyiers, stcnFhecandeddiv fiber 40
renovabl e than the second, solid-phase renovabl e
is cogtebwith alagemdesrmahbld Ribstrainuhatesal tSRap édroraefifrousstibstrate structure 50,
renmoved to forma renoval interface 51. Renoval of the
onto shgrbradpyes of @ cephraseformimg wakdriel &L sten abaed. maffter soditlifis&1ion of the
is then carried out at such renoval interface 51,
memprnerdargying tefems 621 the ohtdd fibbre60 is treated so as to remove the removable

substrate material 52, forming a hollow fibrous membrane separator 70, with a lumen 71 therein,

as well as the inner current collector 40.

[0060] An outer current collector can be subsequently attached to the hollow fibrous membrane
separator 70, and an inmer and an outer electrocatalyst layers can be applied thereto,
simultaneously or in sequence, in any order or any combination, so as to form a complete

microfibrous fuel cell structure, as described hereinabove.

17



menbrane-formng material layer 62'. The fibrous
substrate structure can conprise additional |ayers of
WO e0mMel2fe substrate material of different PCT/US2003/041148
renmovability, in addition to the exanple provided
herein, as long as the outernost |ayer conprises a
sol i d- phase substrate material. [0063] Figure 7 shows
a coated fiber, according to a further alternative
[006&rAotknwealt inteffadehe rpengisdt herdimbert doold, benbrogilechaBacant to the inner
menbrane-formng material [ayer 62' coated over a
currdnit bellectsr, saubsilitagt :emoedl ofithe uensvhihl e bubsivatp miateeisl. &or instasde, Figure 5
current collector 42" laying side by side with a
shovesod tidaked fiieb avilgha nandiraandapsg mitedhl Byyen 63°0ddattd phas solid-phase
renovabl e substrate material 52'. The soluble fiber 56
remadvablE ististrate meeniak 2 ovhphoshidias an ierDvatent nblecfoad?’ &l a removal
and the solid-phase renovabl e substrate naterial 52
interifase 5% ules@nuSnti yentoeaiometfadeos 1pis quieferbla ahwipem cavity through which a
Formati on of the renoval interface 51 significantly
remds8] QI 2OB4 HEEIRD SITRGTAIYS2A0 Bl OklhdBratei ater2h $Bs t he
renoval rate of the solid-phase renovabl e substrate
material 52' and is therefore preferred in the
present invention. [0064] Additional conponents of the
[006@] ¢ignfe Brshass § yedtedc Bbdr, stcondiigUd en dtesbtileserhodinhennef the present
current collector, can be fornmed ab initio with the
inveti@in| odhichilas auscmiemin-foneing epagrat dayer 681 cgtetih®er a fibrous substrate
renovabl e substrate material, as described hereafter.
strudh@O i cokipgists efr@n shokeut, heinperecess céllpetof 42° ) figt embadbleombstrate
fi brous nenbrane separator with an inner current
matetiol b&ctwdichatad t@neithaneslidgihewt srommtsaligdphast)ayed af eeonmddsolid-phase
therein ab initio. A coated fiber structure is first
remgyeidv isolesdrate whdterial SOTp Mhs disst aerhdviableo sbsitateshitadiad 54° is more readily
structure and a nenbrane-formng naterial |ayer 112
remayelde {looahd mgosd)chlid-plasotesosatihs subatiae giatericl $0° eandTieherefore first
fibrous substrate structure conprises, frominside
remayed to farmn & nevevalCinterfensts 1 ¢ Rlemered of th8 2scomd, kelitophakd removable substrate
substrate material |ayer 92, and an inner
mategiblef2’ rio dlahadaystd dudype suchQ2movAl tigerfacthis 1y fomningla bimehd inside the
renmovabl e substrate material |ayer 92, a hollow
mentbiape-Susingendtedal dgyes 6par Eieofibrow fubstrmedsthmgtutehéan comprise additional
menbrane-form ng material |ayer 112, which contains
layeat ofi fesiotxbice substtge anatdrinhef diffirane Mdmovabiligetimnd@fon & the example
lumen 91, and an inner electrocatalyst [ayer 102
proviiedheeincin laug ak theentesutrst ape cahprsachsoidphayesiitistaton@terial.
menbrane separator. [0066] Figure 9 shows the process
for formng a hollow fibrous nenbrane separator with
an inner
[0063] Figure 7 shows a coated fiber, according to a further alternative embodiment of the present

invention, which has a membrane-forming material layer 62’ coated over a fibrous substrate
structure that comprises an inner current collector 42° laying side by side with a soluble fiber 56
and encapsulated by a solid-phase removable substrate material 52°. The soluble fiber 56 is first
removed to provide a removal interface 51, and the solid-phase removable substrate material 52 is

subsequently removed to produce a lumen 71. Formation of the removal interface 51 significantly
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current collector, and an inner and an outer
el ectrocatal yst |ayers forned thereon ab initio.
wepmaioizeal |y, a multiple-layer structure i s pPOVUS®A3/041148
whi ch conprises, frominside out, an inner current
coll ector 82, a renovable substrate material |ayer 92,
incregms itherremowl] ege pd thgtsali@:—g]@as@t Wa@@gl}bsaate material 52° and is therefore
menbrane-form ng material layer 112, and an outer
prefegkémtthopetent iyentidmayer 122. After the renoval of the
renovabl e substrate material |layer 92, a hollow
fi brous nenbrane separator is forned by the
menbrane-form ng material |ayer 112, which contains at
[0064]t 8dditerel sommonems phihe mieefibront fugb¢dlletueipreg besideg theyirrpay current
91, and an inner electrocatal yst |layer 102, and at its
collegthie| dan shedéormed gbitiritio eWidle ttheo beitoa Jibtous |napyrbrang 2®pargar, using the
outer current collector can be subsequently attached
removablesnbbirateahdteriel.fob Besouled hemefterane separator, to forma
conpl ete mcrofibrous fuel cell structure, as
descri bed herei nabove. 19 WO 2004/ 067259
PCT/ US2003/ 041148 [0067] By using the solid-phase
[006F]e Figwal8l showuths proeaseforréiramigal hoBéw fibrupmerslrane separatpt Wighan inner
the mcrofibrous fuel cell structure can be
currenra pelfeatot anddn ynen elserdceatglysif layay abimmy/ thereiat ¢ grive mavy coaged fiber
steps, which can be acconplished in a continuous,
struchun 16 gt @b vivkd rvdichf eompsises lacfibogys suhsirete siresture prdormembigpe-forming
of mcrofibrous fuel cells. [0068] In a specific
mategaidadr fkhpvasicodting spahefSlwors subsimaist stroeturea Thie diboduis Isnlesirate structure
fuel cell structure can be fornmed by a series of
commisert fromonsdestugps tinecéumghingplleqter)82ps twiodibigsulsiratemeaterial layer 92,
current collector of a mcrofibrous confirmation; (Db)
and dngnmer plgetedcathlpsidayeniid. |Adigethe edmavelmivietremowhlsstbstraie material layer
mat eri al over the inner current «collector; (c)
92, afholew figroahmembrenes eérewitar acfataddybytthe mymbragpyiormiog mtegipl layer 112,
| east one | ayer of renovable substrate material; (d)
which oronfaing # itee brre agide- o rimden grurreitt egalledtor] 8% et lower 9hend an inner
i nner el ectrocatal yst layer; (e) formng an outer
electeicgalyst dayart HRetted anearinnsy srrfarded snartiotlawm &bfops miemprane separator.
material |ayer; (f) renoving said at |east one |ayer
of renovable substrate material; and (g) attaching an

outer current collector to an outer surface of the
[006@uFignred) shews the mtoedsy fr forming a hollow fibrous membrane separator with an inner

current collector, and an inner and an outer electrocatalyst layers formed thereon ab initio.
Specifically, a multiple-layer structure is provided, which comprises, from inside out, an inner
current collector 82, a removable substrate material layer 92, an inner electrocatalyst layer 102, a
membrane-forming material layer 112, and an outer electrocatalyst layer 122. After the removal of
the removable substrate material layer 92, a hollow fibrous membrane separator is formed by the
membrane-forming material layer 112, which contains at its bore side an inner current collector 82,
a lumen 91, and an inner electrocatalyst layer 102, and at its shell side an outer electrocatalyst
layer 122. An outer current collector can be subsequently attached to such hollow fibrous

membrane separator, to form a complete microfibrous fuel cell structure, as described hereinabove.
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| ayer. [0069] The follow ng sections describe each of
the above-listed steps for fabricating such
worR@ro6i2sy ous fuel cell structure in detail: FZRVEII00M41148

OF THE REMOVABLE SUBSTRATE MATERI AL LAYER(S) [0070] At
| east one layer of a renovable substrate material is
formed over the mcrofibrous inner current collector,
whi ch can be a conductive fiber of any suitable

(0067 Ber isitle, thsusstid-abasparmpvablyetubitrateg riatsyisl, oft shebpmgentayention, the
conductive polynmers. 20 WD 2004/ 067259

micrpibrpusSpd 08l guetlirksran pogamifachngd Bih sered of cominbitrdatingertxeving steps,
used to form such renovabl e substrate materi al

whichagesr bg )acconintigheddinng ¢vatinyeus, diterhatesd napnerefor scale-up commercial
extrusion, solution extrusion, ink extrusion, spray

prodagiah pfigicrdfibosls fuet edlsi ng, di p-coating, and vapor
deposition. [0072] A preferred nethod for form ng the
renovabl e substrate material |ayer(s) over the inner
current collector is nmelt extrusion, which includes

[0068hdn s spepific efmbodimgnt |of tw prdbeantjinzentienmvaiblofboubh Bk tl etructure can be
material as nolten; (ii) extruding the nolten

formed by sebleeoiaghiinupet tepaickidingl  over the inner current
collector, to forma layer of a desired thickness;
(iii) cooling the fornmed | ayer for a sufficient
period of time, so as to forma solidified |ayer of
r efv ab proviiitesniateecunsieo]leptor oSy oirrefitegys corfirmpigon;
repeated for multiple times to formnmultiple |ayer(s)
of Whe Samingort ladii dnerlaiot of rerrovedlsl wbsfatesthateriad over the inner current
material (s). [0073] Melt extrusion is advantageous
becausecelleetof;or med | ayer of the renovable substrate
material can be easily and quickly solidified by
coéd)i ng formiirigcdn ingeredlachreqatalyst leyecbvousaid st ledse omd layergyf rgmovable
a liquid bath, provided that such |iquid bath contains
a |i qui dubistieit mdtsesl; not significantly attack or renove
t he renovabl e substrate material or the inner current
cold)ect drrmingfrenenntenerfomongihterial Saybistventhe innertedaciredatalyst layer;
conprises a water-soluble polynmer, such as pol yvi nyl
pyfol i domngaRREr clegiotaalyshiplyeralverdhomeraiu) forming material layer;
pol yet hyl ene glycols (PEG, such liquid bath may
cofipr i secngying saidat least orsilapseofromovable stbseatpmtatariak addubl e
pol ymers dissolve only in water at el evated
t efger aeitacbiwg jam outer current collector to an outer surface of the outer electrocatalyst

layer.

[0069] The following sections describe each of the above-listed steps for fabricating such

microfibrous fuel cell structure in detail:

FORMATION OF THE REMOVABLE SUBSTRATE MATERIAL LAYER(S)
[0070] At least one layer of a removable substrate material is formed over the microfibrous inner
current collector, which can be a conductive fiber of any suitable material, such as metal, metal

alloys, carbon, and conductive polymers.
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a range of from about 40C to about 100C, but very
l[ittle or none in cold water at | ower tenperatures.
wQ 0@ia¢728not her preferred method for form ng tPET/US2003/041148
renovabl e substrate material |ayer(s) over the inner
current collector is solution extrusion, which
i ncludes the steps of. (i) providing a viscous
solution of a renpvable substrate nmaterial; (ii)
[007ék tAmy chuttaplet hethod Sermbes uswml ot foon susheremohabld substrate material layer(s),
current, to forma layer of a desired thickness; and
inclydinigibpt hot diatited tp mbleetosiopdolutigreextmbion,iisicousisioR spiAPcoating, brush
2004/ 067259 PCT/ US2003/ 041148 solution for a
coatigpfdip-ciabng, apeyaportepdsitidnne, so as to forma solidified
| ayer of the renovable substrate material. [0075] The
vi scous solution of the renovable substrate materi al
can be fornmed by using any suitable solvent or
[0078blAvemfesed Fethod karfpingng thk eemevhble sersbvta mhatermlibserfsaorer the inner
material is a water- soluble polyneric material (i.e.,
currgdV/RyllefotAs melt eREGion, whiclhingludesdhrssteps lofit(i) proviting dembwabiretbstrate
sinmply by using water as the solvent; when the
materighasvadites; Gilbstudaiggheraiokien mmovableasupsitayermpategal watrethé ainer current
that is not soluble in water but is soluble in
collegtoganifernms ollagentSa dedied tigclmbssy (i8)k onobing tHeufoiromnl Tapey fea sufficient
formed by using a suitable organic solvent or
pericsloifvigmt {os3s to foomesblidifitd layer wififetiovabdd wwbsitatesyattninis Secrstdpe can be
readily used in the present invention, depending on
repegtprefos pwbiptd tondsytp ésmohultigntayealid) of Shelssme at dfferrattrempwbk substrate
used. [0076] The viscosity of such viscous sol ution
matenielégls to be controlled within an appropriate range,
for exanple, from about 100 poises to about 2000
poi ses, as neasured by rotational visconetry using a
Brookfield rotating spindle visconeter. A solution
[0078hafelli extiugion tih advientagdobs hedauspihb omednlhyer afvtbe r¢rhavable substrate
surface of the inner current collector, and a solution
matetipladan be egstpartdrjurckiy dolidified byacleliesy @hah 14 @ther cagied out in the air, or in
sufficient thickness. Therefore, by controlling the
a liquiddeihsproyidet thetrsechr kqrod/ bdth eorgantrsa iquidethatndseendtaignificantly attack or
solution, a layer of desired thickness can be evenly
remaypphd ethogrilo siblygate mmariak ar the nhner colréng cblbactor] O@%eH the removable
Solidification of the viscous solution of the
subsirgeronaidyiak cemprises at watpmdodibleabolymaer, Ivechagshpayedyl pyrrolidone (PVP),

polyvinyl alcohol (PVA), and polyethylene glycols (PEG), such liquid bath may comprise cold
water, since most of the water-soluble polymers dissolve only in water at elevated temperatures in
a range of from about 40°C to about 100°C, but very little or none in cold water at lower

temperatures.

[0074] Another preferred method for forming the removable substrate material layer(s) over the
inner current collector is solution extrusion, which includes the steps of: (i) providing a viscous
solution of a removable substrate material; (ii) extruding the viscous solution over the inner

current, to form a layer of a desired thickness; and (iii) treating the formed layer of viscous
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either by air-drying, or heat drying, or passing such
t hrough a coagul ating bath, so as to drive the
waelneem2sout of such viscous solution and to spCT/Ub5093/041148
the | ayer of the renovable substrate material. [0078]
Preferably, the viscous solution of the renovable
soluiserbior p snfEcipmtperiodd! ting, pr w\ip deth agolidified ftyehf the removable substrate
tenperatures during the extruding step, so that when
matgrigl. exi ts the extrusion die, the renovable substrate
material will imediately come out of the solution,
due to the rapid drop in tenperature, 22 WD
2004/ 067259 PCT/ US2003/041148 resulting in a
[0078Erhhe giscous sohwéion o€ thei nemsvaliensubrsitatehmaterialgrah de fomiedi bygusing any
off the remai ning solvent. Such process is usually
suitaplef sotventdort lvestst Hier wrdthple, i wittn chal rqpivagtde sephrtatmiadamial is a water-
process. [0079] For renovabl e substrate naterials that
solulgle pelpmerficomateriel §igl, RVIPORY &amiPBE),(sseictiscass solution may be formed simply
pol ytetrafl uoroet hyl ene), ink extrusion can al so be
by usisgwatemastiiey selvehiewheartizipb ebi sfubttiatngateriat 8 ripalymeric material that is
| ayer(s) over the inner current collector, by
not yohublei idiwater Autgastlebloin agaie sobeny ahénesushibistoua b@utivatradyi tel formed
and extruding the paste onto the inner current
by usipg laeswitehle ofg@08631vdnh ot bhadvepi(e)s e rifo-solvendri mauiti-solment systems can be
extrusion step is preferably achieved by pulling a
readifly pead iprthe presepatingntfonp depending ug ltheaspesaifip | tyreatof oematiable substrate
filled wwth a nolten material (as in nelt extrusion),
mategipls gsedvi scous sol ution (as in solution extrusion), or
a ink paste (as in ink extrusion), to apply an
addi tional |ayer of material (for instance, a |ayer of
renovabl e substrate material in this section, or a
[007plajtle visfosity eltturlpviatons sodutionmbas itabe ¢ontrolted withit ansapptopgaty range,
onto such fiber, as shown in Figure 11. Such
for egxplesiom abae Ao pries its alzut 2019i poéses, @m nehsunidrty ooEdiahgiscometry
and pul trusion, and can be used throughout this
usingyp Braokfield oetatingrspiostie visdimegerarh. sndiion itionm & tod &ajekrwidlfnot apply evenly
material onto a thin fiber. FORMATI ON OF THE | NNER
over EheEOTRAOATAE ¥8T ¢uli¢ER 1608 1 indTh eolitionghat antboghiherill not achieve a
el ectrocatal yst |ayer can be forned either ab initio
layengft suffickeat thidkhessy Therbforu &y wentipilzngehs wigensiit of the gemdoyble substrate
subsequent catal yzati on of the hollow fibrous nenbrane
mategiglpspleioor 2 laxse of diesigd tthickresd cans be avealyy zgtlied wntvethk doiser current
di sclosed in U S. Patent Application No. 10/253, 371
colleftot.ed on Sept enber 24, 2002 for "M CROCELL FUEL CELLS,
FUEL CELL ASSEMBLIES, AND METHODS OF MAKI NG THE
SAME, " whi ch is incorporated by

[0077] Solidification of the viscous solution of the removable substrate material can be achieved
either by air-drying, or heat drying, or passing such through a coagulating bath, so as to drive the

solvent out of such viscous solution and to solidify the layer of the removable substrate material.

[0078] Preferably, the viscous solution of the removable substrate material is provided at elevated
temperatures during the extruding step, so that when it exits the extrusion die, the removable

substrate material will immediately come out of the solution, due to the rapid drop in temperature,
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reference herein. [0082] The ab initio formation of
the inner electrocatal yst | ayer can be achi eved by
WO 2004061259 met hods, including but not |imted tPCT/US2003/041148
extrusi on, spray-coating, brush-coating, dip-coating,
chem cal deposition, electrochem cal deposition, and
resuliinpra Wapedidtthay requiz iGNRO Deptits 02 BOVIRCHI S2008hDd 1d481t. Such
[0083] Ink extrusion is a preferred nethod for the ab
procesnistuserllfy oefenatdito as thérntaHe indneed phast espereboatrateyst | ayer
over the renovable substrate material layer(s) in the
present invention. Such ink extrusion nethod may
include the steps of: (i) providing an ink paste
(0078 fpr irghawgblansubkteat¢ rrocertadsl yist deatmet ifedm a (spiudion easily (such as
extrudi ng the ink paste over the renovabl e substrate
polytehiefboragthyleag)emnk sktrusion danpisw &e heeddo fapfh thelegiovade substrate material
thickness; and (iii) treating the ink paste for a
layergq) fofrér cheaintier parénd dollsftot, byresovslmgaspaste of schreamovalde substidtehaterial
el ectrocatal yst |ayer. [0084] The el ectrocatal yst
and exeriding thk pasteyontoilmp mingiecugremeolédctosel ect ed from t he group
consisting of platinum gold, ruthenium iridium
pal | adi um rhodi um nickel, iron, nolybdenum
tungsten, niobium and alloys thereof. Preferably,
[0088Ju&hthe Ipess¢nt aoantany i ertEisemi sidp is prefrabheschpivedt bynpullimr a fiber or a
pl ati num al | oys, such as platinum rutheni um all oy,
coatqyll faiter Huongh an heplication diorilled Wil 2 npdlet nrtamial (o liry ndk REtmsion), or a
al l oy, platinumchromumalloy, platinumtin all oy,
viscamadolpliart (asum solutike lextabsiany;. or[ 0 0B5pastEhies iimknkpedtugion)s to apply an
used in the present invention may conprise at |east an
addigdnelcleyer ofunbtyrial ¢fonthetendeyelapatoérenmivats subkirasmatard) gmthis section, or
powder or netal powder), the electrolyte, the
a layel d cteriomatnbybtysdtsrial artble myseotidng pntg sichdibkre as shown in Figure 11. Such
per f or mance- enhanci ng additi ves. Specifically, such
extrisiok tgphgitie ivmycombipaipm deyirdwsiingesd phkrusbe cind coabalisgd throughout
carbon powder, an ion-exchange polyneric electrolyte
this applietipmfor etiarling gn bdrbticnahteyeasf hdterial cgn e diiméberby t he
hol | ow fi brous nmenbrane separator, a polymeric
bi nding material, and a solvent. The el ectrocatal yst
material in such ink paste may vary from about 5%to
FORN¥FOUONIORA BR SNNER ELECTRIOCAGIAGMSTAFASER h | nk paste, and
preferably from about 20%to about 60% based on tot al
[008We Ty innef antd vater rlectpastalyst 18pe cirf beithgd cither ab aliges with the hollow
slurry commercialized by Johnson Matthey, Inc. at
fibroTa yeobrandsemeatorb @r (ps extbfequenp gatplpzionfof ghadbliey Migrouk enembrane
present invention,
separator, according to various catalyzation methods disclosed in U.S. Patent Application No.

10/253,371 filed on September 24, 2002 for “MICROCELL FUEL CELLS, FUEL CELL
ASSEMBLIES, AND METHODS OF MAKING THE SAME,” which is incorporated by

reference herein.

[0082] The ab initio formation of the inner electrocatalyst layer can be achieved by various
methods, including but not limited to, ink extrusion, spray-coating, brush-coating, dip-coating,

chemical deposition, electrochemical deposition, and vapor deposition.
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whi ch conprises 20 w % pl ati num car bon powders and 5
w % Naf i onQO bi nder in glycerol solution. 24 WO
wWQ2MMIeRFPL59 PCT/ US2003/ 041148 [0086] The i nkP@EESM™03/041148

can be treated, by either heat drying or contacting
such ink paste with a coagul ating agent, so as to
forma solidified inner electrocatal yst |ayer.
FORVATI ON OF THE MEMBRANE- FORM NG MATERI AL LAYER

[008B10 D& Axtridien ivemicfered fictirodi foigtherab énidicaforhatipe of Gwnnipe electrocatalyst
formed over the inner electrocatal yst |ayer, by

layemmvehthd sersivable arbstrge trarsial hyer(sf orthe mgsehhiaventiomy Shbdbeink extrusion
substrate material |ayer, i.e., including but not

methbd may éatlude thewieps &x (i) previding as olkphsto congxising 8n elegtrocatalyst material;
spray-coating, brush-coating, dip-coating, and vapor

(i) atepdisg theoink ppQO8BYr the panefvelrle eubshret moderfab tayéngy) nfonfyris clyer of
menbrane-form ng material |ayer is by solution

desire thicksessgndwiii) dieatingdhaithigpatth dorst eyficiant per{dd)ofpiney sahnty form a
a viscous solution of a nenbrane-formng material;

solid{fied eleetxdcrtalystrigyet.ne vi scous sol uti on over the inner
el ectrocatal yst layer, to forma layer of a desired
thickness; and (iii) treating the |ayer of viscous
solution for a sufficient period of tinme, to forma

[0084]o Thel blf¢tendatabpstinragmiel fay pomgiseratngtdl atledialyfom te0H8@] colikigting of
vi scous solution nmay contain fromabout 10%to about

platisi®o grild, suthbninenbyidame - patladinion chodimtng mickel, ifoasedlybdentimf angsten,
wei ght of the solution. Various solvents or solvent

niobimys taedrellganthiyeof. uBetrdbly, fsochnelsumhatggdt uhitamm] coepeses iphginum or
on the specific kinds of nenbrane-form ng nmateri al

platimigie chlloysF-euche xsa platimym-nitteniusu e hoyyrpidiinameutheruwrh4ixgn alloy, platinum-
mat eri al conprises perfluorosul fonate i ononer

molybéemiomailiey, pitiennh-ahemisudvyggatidami-tordllioy, ahOpletmin)-nickel alloy.
Fl em on(c) (Asahi d ass Conpany), Aciplex(r) (Asahi
Chem cal Conpany), and Dow XUS (Dow Chem cal ), a
wat er - al cohol co-solvent system can be used to form

[0085h&hw iirdcpast: sobsad il theopresent mvemivh raaye ednarise rag least an electrically
material. Specifically, a Nafion(r) layer can be

condh@ivemchtdoiyl (udhl ais rgrben pavatee dr hethlgrowdedi thdeleatolyirg) e egvtrocatalyst,
inner current collector, a renovable substrate

and ‘ampioder abitabky parforramde-arhancing addétiest r Spatfmbliys tsutlayge paste may
through an applicator die filled with a 20-30 w %

compt,i bas{dey tlgotludtiooatalys,ocalbont povedet,r ard éoneexklapes polynkethie electrolyte
Nafl on(r) solution onto

material that is the same as that contained by the hollow fibrous membrane separator, a polymeric

binding material, and a solvent. The electrocatalyst material in such ink paste may vary from
about 5% to about 90% based on total weight of such ink paste, and preferably from about 20% to
about 60% based on total weight of the ink paste. Specifically, a catalyst slurry commercialized by
Johnson Matthey, Inc. at Taylor, MI can be used for purpose of practicing the present invention,
which comprises 20 w/% platinum-carbon powders and 5 w/% Nafion® binder in glycerol

solution.

24



the coated fiber. 25 WD 2004/ 067259 PCT/ US2003/ 041148
[ 0090] The nenbrane-form ng material |ayer can be
wavgeeuent |y solidified by heat drying, or byPCT/US2003/041148
contacting such layer with a coagul ati ng agent for
enhanced solidification of the nmenbrane- form ng
[0086TaTky inklpaktayet be Readde balelther hsatalying mbrametifi® suthrigk paste with a
material is first cured at an el evated tenperature,
coagiithiimplagérs, satas tocfasit a sdidifigl amer dechosiadysolydrenper at ur e
(Tg) of such nmenbrane-formng material, and then
cooled to forma solidified | ayer. Mre preferably,
such material is cured at a tenperature in a range of
FORMAOMOBIGIUTHE ORI BRANBRORNBUOM AGMRIAD A YHRef erabl y in
a range of from about 110C to about 150C. The curing
[0081]e Themambiage-foaning enategialliayey camh forad ovde the tlien gle@rvcathlipe layer,
specific requirenments for the formed nenbrane | ayer.
by melbbidd dinyiilartté éhokd foh &timin éhecetmbvayle stibstipermadtettablayérhee. | ifdsding but
water content in the nenbrane |ayer, and the stronger
not lirhiedne minliasxerukiay, esolutioh etttrukior, dpragebeatifef brush-tdugihg,tdi@coating, and
menbrane | ayer so formed is less ionic and therefore
vapohd@podgtidrower conductivity. [0091] The hol | ow fi brous
menbrane formed by this step can be a solid nenbrane
consisting essentially of a solid electrolyte
mat eri al, such as an ion-conducting ceram c or
[008§l0 Ay preferred Alethed rfat fovrainy ,suchmbmbrahd-fowning el tegaibisébyesolution
so fornmed nmay be m croporous, having a solid
extruslog,cwitict jtickidesathe siepd oft K pegiaiged viscousisalttgnosies membrane-forming
thereof. Specifically, such hollow fibrous nenbrane
mateffaly (if) extrideigahid tidcoad doutipn oiet thafinret ¢ledtiocaiglyd iayeretoebmea layer of a
osnosi s nmenbrane, as described in Eshraghi U S
desirethehhesiand $iiiP kéntibd the 1HERMATICON ORitibhfor@3hHERient period of time, to
ELECTROCATALYST LAYER [0092] The formation of the
formaubkdifiel eahbracabahiysinatedl &ryed. s carri ed out by nethods
substantially the sanme as those for formng the inner
el ectrocatal yst | ayer, except that such outer
el ectrocatal yst layer is forned on top of the
[0089TeThe addexuk Gbhititrg mAR teeiithial frdnayeous 104 foeabotite50% Rérsuch membrane-
el ectrocatal yst layer is fornmed on top of the renvoval
formBig hetdral, 8asad bietotad veightyof the sbinti@t. déariotsobiehta bc@ltehiesystems can be

structural integrity of the multi-layer fiber
used $¢ famtsuclesohdioh,ofepEdinganghd spotific Rindt etmenteaofatming niatrial used.
preferably ‘

For example, when such membrane-forming material comprises perfluorosulfonate ionomer
membrane materials, such as Nafion® (DuPont), Flemion® (Asahi Glass Company), Aciplex®
(Asahi Chemical Company), and Dow XUS (Dow Chemical), a water-alcohol co-solvent system
can be used to form the viscous solution of such membrane-forming material. Specifically, a
Nafion® layer can be formed by pulling a coated fiber, which includes an inner current collector, a
removable substrate material layer, and an inner electrocatalyst layer, through an applicator die
filled with a 20-30 w/% Nafion® solution, so as to extrude a layer of the Nafion® solution onto

the coated fiber.
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applied onto the outer electrocatal yst |ayer. 26 WO
2004/ 067259 PCT/ US2003/ 041148 REMOVAL OF THE
WEUBHIRATE MATERI AL [ 0093] The renovabl e of theCT/US2003/041148

substrate material depends on the specific renovable
substrate material used. Formexanple, if the

[0090]e Thymbherasufoshing tratefaltieyer edn tesulseguatnly sstibified bpbet dgdng, or by
then the renoval will involve sublimation; if the

contacan® vadh| leyes ulidt & abapubmihe hpgal forserhamed tsalbdifcanon ©f itlél membrane-
then the renoval will involve nelting; if the

formingmutahl BysuPsdfcrable, swel emnbdand-®raing alatdpiakis Ifadt @nded lat an elevated
then the renmoval will involve use of a solvent such as

tempanatuae; ivchichain adldagtlthe ghats wangidinn cengpetanen (Tg)aif susiatmembrane-forming
Preferably, if the renovabl e substrate materi al

matedglinord th@scoaledad formaodolidified agdry Meare ptefeeably, @nahviadternsdl i cured at a
then be carried out by imrersing the nulti-Ilayer fiber

tempSitatupe inle 2angenofnidne bbdunr 0@2C e ubbut Qi5e1d, apd riosidpreferablyn® a range of
or by running water through a bore of such nmulti-Ilayer

fromfab&ie 16Crto@abait €30°60 Thasuring tengrmge eandighrsdddniriodified, depending on
portion of the renovable substrate naterial. Mre

the gpeéfie redplirymerttd) dorwait eformdds membitaed 1dyer. arJshlly ahe thigher the curing
tenperature in a range of from about 40C to about

tempdQiEs, thedew Wasn centert émtivahentbadne 19kr, iahd the brsigeatie membrane layer,
material. [0094] Note that conplete renoval of the

but the madeadill 65 thoatbihe hathdramatiget ad farmed &Slkesseidnic bud thepdfore has a lower
required, during fabrication of the mcrofibrous fue

condaelvitg. i n the present invention. It is possible to
renmove only a portion of the substrate material at the
ti me when individual mcrofibrous fuel cells are
formed, bundle/seal nmultiple mcrofibrous fuel cells

[009t]j0 Thoheotlosy fitrcud embride forbal By giideepacyd & a sdhidl therstirgle, consisting
and subsequently flow water through the bore side of

essergidlth offi € safd blecitifyté usdtertagl duch redinl @ntconduetiny eefat@ or polymer.
remai ni ng substrate material fromthe bores of the

Altermativielyp sechnhotloof fitlhoeusembrared soc &lrined imay S chicropdiolig . having a solid
[ 0095] The various configurations of the renovabl e

elect®lihs tmadrial dinpregdatrde ind @dabpddesd tHeen @i NSecifieslly, soctp hblaw (fibrous
either a renoval interface in contact with the

memBitabs i be nifebBitiatdn, ubirafitttator) for MEYERe ofmaeBV@bhErane, as described in
substrate materials of different renovability,

EshrighcUlS. Paee dor £9wyEk. of the substrate material, and a
person ordinarily skilled in the art can readily
choose a suitable configuration

FORMATION OF THE OUTER ELECTROCATALYST LAYER

[0092] The formation of the outer electrocatalyst layer is carried out by methods substantially the
same as those for forming the inner electrocatalyst layer, except that such outer electrocatalyst
layer is formed on top of the membrane-forming material layer, while the inner electrocatalyst
layer is formed on top of the removal substrate material layer. In order to enhance the structural
integrity of the multi-layer fiber structure so formed, a soluble protective coating is preferably

applied onto the outer electrocatalyst layer.
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adapted to specific systemrequirenents, consistent
with the disclosure herein. 27 WD 2004/ 067259
WEDANS2803/ 041148 [0096] Fol | owi ng are exanpP@BUST003/041148

various ink coatings that have been applied onto a
fiber structure, for formng an inner or an outer

REMED AT OFCEHRBYBSTRAVTEMATERBAE | | nner El ectrocat al yst
Layer Substrate |Ink Conposition Resistance (ohns)

[009Pk The reranable d¥bihe sutatratBinmtieial (epidsCat kienspééifie removable substrate
G ycerol Platinum Spaci ng Spaci ng W% wo weo <1/8" -1"

mateRWMP1s2hYFaf amplk, § tR0redegablO@ibstrate matbNA? 125 $i¥difriable ndaterial, then
2.5 10 Yes 150-200 800 -- PVP 25% Nafion 1 2.5 5 Yes

the rofdedl G/i2 M¥olve sEBAhaliORoilNaGE ir@movhbl2 .sbbshratYemtdal BQ h&Gbleqhaterial,
-- 20% PVP ''"/Zz" PVA 10% Nafion 1 2.5 5 Yes 50-70

then 2ix0re800al Gt N Anelidmpgl if 1RO UnfovEb12 Qubdiraerthaletialbiv)e soRWIA material,
10% Nafion 1 2.5 5 Yes 120-140 >800 Open=0.89V and 20%

then FPrelnovad/vathif@lve \ise ofPd/Aoltd¥sidafak an adid 2arbalkaliNan Mitganic solvent, or
Open--0.98V and 20% PVP reading | O cn2 (0.5V) PVA

wateil O Frdfatblonif The?2remobabidosubdithic? 4@ted3B0&Mhprised O wReiPsoibe ddl9mer, the
Nafion 1 5 0 Yes 50-60 1250 -- 20% PVP

removal will then be carried out by immersing the multi-layer fiber structure in water for a
sufficient period of time, or by running water through a bore of such multi-layer fiber structure, so
as to remove a substantive portion of the removable substrate material. More preferably, the water
is heated to an elevated temperature in a range of from about 40°C to about 100°C, to enhance

removal rate of the substrate material.

[0094] Note that complete removal of the removable substrate material is desired, but not
required, during fabrication of the microfibrous fuel cells in the present invention. It is possible to
remove only a portion of the substrate material at the time when individual microfibrous fuel cells
are formed, bundle/seal multiple microfibrous fuel cells to form a module with a bore side and a
shell side, and subsequently flow water through the bore side of such microfibrous fuel cell
module to remove the remaining substrate material from the bores of the multiple microfibrous

fuel cells in such module.

[0095] The various configurations of the removable substrate structure described hereinabove,
comprising either a removal interface in contact with the substrate material, or two or more
removable substrate materials of different removability, facilitates removal of the substrate
material, and a person ordinarily skilled in the art can readily choose a suitable configuration

adapted to specific system requirements, consistent with the disclosure herein.
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PVA 10% Nafion 1 2.5 5 Yes 100-160 4400 -- 20% PVP PVA

10% Nafion 1 5 0 No 30-40 850 -- 10% PVP PVA 10%
wldoio67239 2. 5 5 No 300- 1000 -- 10% PVP 3000 PRET/LOHN3/041148

Nafion 1 2.5 5 No 50-170 2200 -- 20% PVP TABLE 11

Quter El ectrocatal yst Layer |Ink Conposition Resistance
[0096D Fgwia riso exaviples rof Grayiowsr ink c8piangs riipt Spac ibagn applied onto a fiber

Performance Binder (W9 w% weo we Pl ati num <1/8" -1"
struc58ofdibinong dn i@ Or Mewt@ SRctiR@Blystlay26% Nafi on 1 5 20

Yes 220-250 1600 -- 25% Nafion 1 2.5 10 Yes 300-400

>3000 -- 25% Nafion 1 2.5 10 Yes 300-400 - 25% Nafi on

1 2.55 Yes <110- 700 -- 25% Nafion 1 2.5 5 Yes 50-120

550 -- 25% Nafion 1 2.5 STABEEB5-200 600 -- 25% Nafi on

1 2.55 Yes 80-200 700 -- 28 WD 2004/ 067259

PCT/ US2003/ 041148 [Bﬁ@r?Elettmmml)atLﬂrenat i ve enbodi nent

Subsgaiiet he pr $sent L ERLR, the ink Fﬁ&is@m@eo@hmd to the
—anaf-ot Clnb" £} of—t-he Y US Performance
Mot imer GepRI 0 BL ‘@a*yj; §§C;f§g Pittung g@;ﬂgc g
P ETt Q@)“Nhffbhy"l St YR exagpre %yu pasie jay —
PYEOTTPT hSE NI P AT U Eatajy s, Rt ‘1’5U AT -
PVP 25% Nafion 1 2.5 5 Yes 50-100 250 -
10% Nafion 150 for
PVP 20% PVP 1 2.5 5 Yes 60-70 1 -
10% Nafion Open=0.99V and
PVA 1?)9/%;1{1) 1 2.5 5 Yes 50-70 |250-300 20mA/er? (0.5V)
o Nafion Open=0.89V and
PVA lgg%l\?? 1 ;2.5 5 Yes 120-140| >800 10mA/cm? (0.5V)
o Nafion No Open=0.98V and
PVA 20% PVP L] 25] 5 No | cading | 10mA/on?® (0.5V)
0,
PVA 13 (f; A)I\i?\f;gn 1 2.5 5 No 140-240] 38000 -
0,
pva | 'DNRNaon |y s 0 Yes | 5060 | 1250 .
0,
pva | 1eRER |y a5 | s Yes |100-160| 4400 -
0,
PVA 1(1)5; A)I\if‘gl‘;n 1 5 0 No | 30-40 | 850 -
10% Nafion 300-
PVA 10% PVP 1 2.5 5 No 3000 1000 --
0,
PVA 1(2) 0/3 A)I\?\f;lgn I |25 5 No 50-170 | 2200 -
TABLEII
Outer Electrocatalyst Layer
Ink Composition Resistance (ohms)
: . Performance
. Carbon|Water |Glycerol . Spacing | Spacin
Binder (w%) (w%) | (w%) (vyv% ) Platinum 21 /8”g p—l v g
25% Nafion 1 5 20 Yes 250 1200 -
25% Nafion 1 5 20 Yes 220-250 | 1600 -
25% Nafion 1 2.5 10 Yes 300-400| >3000 -
25% Nafion 1 2.5 10 Yes 300-400 -- -
25%Nafion | 1 | 25 | 5 Yes <1131(())- 700 —
25% Nafion 1 2.5 5 Yes 50-120 550 -
25% Nafion 1 2.5 5 Yes 65-200 600 -
25% Nafion 1 2.5 5 Yes 80-200 700 -
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or other conductive materials, such as niobium

titanium titaniumcarbide, titaniumnitride, niobium
W@ 200806259 ni obi um nitride, etc. Catal yzation oPCT/082003/041148

m crofi brous fuel cell can be carried out after

renmoval of the renovable substrate material, or even

[0097]aflreny altergative afib@imens ©€ thel riresgntahiventidn, ithel i@k paste applied to the bore
m crofi brous fuel cells into a bundle, according to

and/¢rhthe cshtlalside adfi he hoBown dibsowd i mehlyseedsdparatdr Soay Batreptnot comprise
Application No. 10/253,371 filed on Septenber 24, 2002

clectfagntalyhib. CROCELrpl &\ 9Eth inlCRsteSpayFidEipri@Hid plABSENBLalES butANy carbon
METHODS OF MAKI NG THE SAME. [0098] Further exanpl es

or othee cprdovideuathedigisnelf hemiobega rtdamgn,f tlaniimatarigide, aftanium nitride,
m crofi brous fuel cell structures according to

niobjumefagrideg diokininmilride rtcs Cotalykdimn pf the em¢rofitrowsfielepll can be carried out
EXAMPLE 1 [0099] In the fabrication of the

aftermeooal phbtheo usndveldt substrdte matetidlj o eyxabipr.a,¢., aftdOxsegubdide of multiple
stainless steel wre having a dianeter of 0.020" was

micrpfityvisdisd @dls tikte ai ndle, swondmgtto dlod badyaation pBHOA dibclosed in U.S.
renovabl e pol yner | ayer was forned over the inner

PatepuAp@icttianoNbe ¢9/253,19y &lxd randBeptpndat @4, 2e02hfdr MAMICROCELL FUEL
current collector a polyvinyl pyrrolidone (PVP)

CELE8) HIfEIoGELIL A% S EMB LK) ANIEMW MO DSOF BIAKINGECHHFABASF
Corporation), followed by drying. [0101] The extrusion
process conditions for the PVP 60 were: Line Speed: 3
m mn Extrusion Tenperature: anbient (approximtely

[009§12 EmZIRCexaniplds rapsprovidddalieecinfteb b gatlingifabrigxttonuginderofbreus fuel cell
Oifice: 0.053" 29 WO 2004/ 067259 PCT/ US2003/ 041148

strucEx¢srageirding i ppefered@RBYAmENt 82he prgot invdngod:R Dr yer
Length: 1 in IR Dryer Set Point: 425C [0102] After
drying, the fiber was collected on a spool. The
cross-section of the fiber was exam ned under a

EXAMByFbscope and neasured with a nmicroneter, show ng
that such fiber has a PVP |

[0099] In the fabrication of the microfibrous fuel cell in this example, a 304-grade stainless steel

wire having a diameter of 0.020" was provided as the inner current collector.
[0100] A removable polymer layer was formed over the inner current collector by extruding onto
such inner current collector a polyvinyl pyrrolidone (PVP) solution (Luvitec K60, 45 wt%, as

supplied by BASF Corporation), followed by drying.

[0101] The extrusion process conditions for the PVP 60 were:

Line Speed: 3 m/min

Extrusion Temperature: ambient (approximately 72°F/22°C)
Extrusion Rate: 0.54 ml/min

Extrusion Die Orifice: 0.053"
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| ayer of approximately 50 to 60 microns and an outer
di aneter of approximately 600 to 617 mcrons. [0103]
woemtnane | ayer was subsequently formed overPGIUR20P3/8%1148

60-coated fiber, by extruding a Nafion 1100EW pol yner
sol ution (DuPont DE-2021) thereon. [0104]
Spegirfsicmalip:y, a concenal'ed.i821 hypbaubeof 31.5 wt %
Naf i on was prepared by evaporating a diluted 20 wt %
NafR Dayef Dedgint DE- 2021).m A first | ayer of the
concentrated 31.5 wt % Nafion solution was extruded
onbDhkee SE\Pmt.0at ed cude®at col l ector. The extrusion
process conditions for the 31.5 wt% Nafi on were: Line
Speed: 2 nmmn Extrusion Tenperature: amnbient
(approxi mately 72F/ 22C) Extrusion Rate: 0.92 ml/mn

[0108 tAiftes dotngDitiee Gbdrf wazecollBct@34r a dpxdl The @rosIsqatio) 0O Zhe" fiber was
IR Dryer Length: 1 in IR Dryer Set Point: 400C [ 0105]

examitedamgeraanitosdopt ir@inmakurad witind mitw@Ser, $heakagfthia @uch fiber has a PVP
menbrane, a second |ayer of concentrated 32 wt%

layeiNaff approxsadtell | 50nto VEISmizxdnk Woke dn over diahetef iof apprbaiyetelyod00 to 617
the 31.5 wt % Nafi on solution, under the follow ng

micrénst r usi on process conditions: 30 WD 2004/ 067259
PCT/ US2003/ 041148 Line Speed: 1 mm n Extrusion
Tenperature: anbient (approximtely 72F/ 22C)
Extrusion Rate: 0.48 m/mn Extrusion Die Orifice:

[0108]. ASBEmUrxer lagdr oias fubgequéhtly) Idrnicnt Ovéd 3b& PV fbedatddeibed, By extruding
Dryer Length: 1 in

a Nafion 1100EW polymer solution (DuPont DE-2021) thereon.

[0104] Specifically, a concentrated solution of 31.5 wt% Nafion was prepared by evaporating a
diluted 20 wt% Nafion (DuPont DE-2021). A first layer of the concentrated 31.5 wt% Nafion
solution was extruded onto the PVP-coated current collector. The extrusion process conditions for

the 31.5 wt% Nafion were:

Line Speed: 2 m/min

Extrusion Temperature: ambient (approximately 72°F/22°C)
Extrusion Rate: 0.92 ml/min

Extrusion Die Orifice: 0.034"

Extrusion Tip: 0.027"

IR Dryer Length: 1m

IR Dryer Set Point: 400°C

[0105] To ensure formation of a continuous, leak-free membrane, a second layer of concentrated
32 wt% Nafion solution was extruded over the first layer of the 31.5 wt% Nafion solution, under

the following extrusion process conditions:
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IR Dryer Set Point: 375C [0106] The Nafi on-coated
fiber was cut into desired |lengths, dried at 70C for
w@ooaem2ses, and then heat-set at 125C for 1 POUDS2005e41148
cured fibers were subsequently placed in warm wat er
for several hours to dissolve and renove the PVP 60
| alge Spsd: as to form allbman i nsi de the hol | ow
m crof i brous Nafion nenbrane | ayer for passage of
| i BuindionTegasenws f uel ambiewXapgaximatddy 72W22P0GUL
renoving the inner current collector. [0107] The inner
an8xtowsioaRadt anet er s of 048 efyntol | ow m crof i brous Nafi on
menbrane/i nner current collector assenbly so forned
weEgtnalamie 6hficcand 760005X'r ons, respectively, while
the thickness of the Nafion nenbrane |ayer was
appxousiondtiel y 85 to 95008 C'x@p355" h@ba8ie A conpl et e
m crofi brous fuel cell can then be fabricated using
t hiR BbevEeergdscri bed holllmow mi crofi brous Nafi on
menbr ane/ i nner current collector assenbly, by
calmDyzt Bg Poine bore and7s@el | - sides of the Nafion
menbrane | ayer with platinumaccording to the
catal yzation techniques disclosed in U S. Patent
Application No. 10/253,371, and then placing an outer
[0106JuThe Nufi@ndohied tfiber wis cuB8flo Aestedlengths, tdhed sth®l°C fei Slemofutes, and
the catal yzed nenbrane. [0109] The equi pments used for
then pheaddetait A5 °Chfer irheuroThdcuneisfifenetere eblisequattlyupledtd in warm water for
Let-of f stand for a wire spool Single-layer extrusion
seved] BoufrOto dapplvy kmigretnbes fHaPVEH0tlayet,lve anite BHrm3TuMEh inside the hollow
2004/ 067259 PCT/ US2003/ 041148 Pi ston Punp Medi um wave
micréfitfroa™edion mgabrane byerefbepasiagnof IB@id @gapold fusigprwridantf ot without
nove the wire through the process Take-up unit to
remog g ltledhne: bareht codlbct@r oduct on a spool EXAMPLE 2 [0110]
A hol l ow mi crofibrous Nafion nmenbrane/inner current
col |l ector assenbly was fabricated by a process
simlar to that described in Exanple 1, except that
[010T]h&h¢ ey abd eustldsitette ofasch hollow microfibrous Nafion membrane/inner

current collector assembly so formed were about 570 and 760 microns, respectively, while the

thickness of the Nafion membrane layer was approximately 85 to 95 microns.

[0108] A complete microfibrous fuel cell can then be fabricated using the above-described hollow
microfibrous Nafion membrane/inner current collector assembly, by catalyzing the bore and shell
sides of the Nafion membrane layer with platinum according to the catalyzation techniques
disclosed in U.S. Patent Application No. 10/253,371, and then placing an outer current collector of

380 micron on the shell side of the catalyzed membrane.

[0109] The equipments used for producing the microfibrous fuel cell included:
Let-off stand for a wire spool

Single-layer extrusion die for applying the Nafion to the wire
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consi sted of two renovabl e polyneric |ayers, including
a first renovable | ayer of PVP 60, as described
whereioembbve i n Exanple 1, and a second renpovaPdBUSAYE041148
of pol yvinyl al cohol PVA (Elvanol, grade 70-62, from
DuPont). [0111] An aqueous sol ution of PVA was
pr Bpwnddmpy gradual |y di ssolving the PVA polyner in
hot water with stirring. The PVA concentration of such
s oMetivorwava dnfl:8edndr9ér - Wmietchlogave sufficient viscosity
for the extrusion process. To ensure conplete drying
of Btlta pRliAg uay Brmova thesepghughrthe proesds uni t was put in
line. Process conditions for the PVA extrusion were:
Li fekeSpemit:to dolieftrthenfirEkprodist @re speolper at ur e: anbi ent
(approxi mately 72F/ 22C) Extrusion Rate: 0.23 ml/mn
Extrusion Die Orifice: 0.034" Extrusion Tip: 0.032"
IR #1 Dryer Length: 1 in IR #1 Dryer Set Point: 425C
EXAMPIE?] The thickness of the PVA |ayer so extruded was
approximately 10 mcrons. 32 WD 2004/067259
[0116CA/ HdBR O O3L0AIDY8Nafidd In@ibras/inmer Exceenpéadiedtor dsvamblyayer Bbricated
of concentrated Nafion solution were extruded onto to
by atfiecessPMRUIE\IA- hatadesdibbd e Examplé ¢ hexweptethgubs eguonable wulsstrate was
to desired |l engths and heat treated. The |layer of PVP
consBBd wi $wb irersdvable polyedrigilaybrst mpludingvat @5t regovabée tager of PVP 60, as
provide a renoval interface to facilitate further
descuitedtheadinabbvet ineEx@iviplel layed alyycond iragovabit 14yer bHpolyvigyl alcohol PVA
water. [0114] The holl ow m crofi brous Nafion
(Elvamelygradn @)-6h iiwm Igubon@nt col | ect or assenbly so forned
had i nner and outer dianeters of 565 and 780 mi crons,
respectively. A conplete mcrofibrous fuel cell was
formed by depositing an inner and an outer
[011E] Aotaqomat sdlytsn dfRVey waoprepangl byngreduabiy dissuitieg the PVA polymer in
surfaces of the hollow mcrofibrous Nafion nenbrane,
hot watek lyth pitiedign FhaPVoutterceatioe f sodl kadationr wasoh3 twith, which gave
shell side of the catal yzed Nafi on nenbrane, as
suffides ciidchety fon tHexaxtrpsien firocess. To ensure complete drying of the PVA layer, a

second infrared unit was put in line. Process conditions for the PV A extrusion were:

Line Speed: 1 m/min

Extrusion Temperature: ambient (approximately 72°F/22°C)
Extrusion Rate: 0.23 ml/min

Extrusion Die Orifice: 0.034"

Extrusion Tip: 0.032"

IR #1 Dryer Length: 1m

IR #1 Dryer Set Point: 425°C

[0112] The thickness of the PV A layer so extruded was approximately 10 microns.
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EXAMPLE 3 [0115] A mcrofibrous fuel cell was prepared
as follows: [0116] A renovable |ayer of polyvinyl
w@onobizéone (PVP) was first fornmed by extrudi PQI/as2088041148

Luvitec K60 PVP sol ution (supplied by BASF
Corporation) around a titaniumwre. An inner

[0118] Actin Geatplé Ystwd layes ofvamcdntretad 2epdn edutivnt weeré hgruded onto to the
PVP-coated wire via ink extrusion. Two

PVPRdbeated fibey whinh wWemysebssquehtlcon eealeircatlegth3 2ndhéAs tefddo Mhe layer
solution were sequentially extruded over such inner

of P¥P e&0twas diadt atrysed matpeepid WAtk #p aSpepolide alréniovat gerEe tot Boilitate
concentrated Nafion was obtai ned by evaporating a

furthelt demnbed of thiaPV Adaysobutsirgrhot fodbilingmeiar.ned 20 wt % Naf i on
1100EW (from Sol uti on Technol ogy, Inc.) in a mxture
of al cohols and water. The concentrated Nafion
solution had a viscosity of 890 poises, as nmeasured

[0118ly Tae hollcwt imiumalibratiss¥divetmemtiBredolel catealt tMEctwp deskhnbiw soormed
a #4 spindle at 6 rpm [0118] The catal yst ink used

had fhodr ahdouerrifanietees 0fifioé andT8atiriooa teaapegttely. a eomplaie microfibrous fuel
prepared by blending: Mterial % weight Platinum

cell WhafokmddHiySipecsitipCM ifeo md\uf cutédedatjcatbbisOlads Whthe inner and outer
2004/ 067259 PCT/ US2003/ 041148 Deioni zed water 3.5 5%

surfaaepuahshdliaivi moiarogibtout iNafior{ fuerabrasso bt by pladieg hm obtegyurrent collector
Inc.) 56.5 3% polyacrylic acid 24.0 [0119] The 3%

on thechallastdeydlf the catelyetdidegiod neinbtangmns ddacr{bes igBtanglel. aged
nol ecul ar wei ght) dissolved in 5% al cohol -based
Nafion. The viscosity of such catalyst ink was about 9
poi ses, as neasured by a Brookfield LVT rotational

EXAMBdOheter with the #4 spindle at 60 rpm [0120] The
process conditions for the above-described extrusion

[011pr dceissEbroas faeloutt] waneapdred dsifdlowlsol | owm ng Table 111.
Each of the extrusion steps were perforned at an
anbi ent tenperature of approximtely 72F (22C), and
the drying was done with a nmedium wave infrared unit,

[0114] retempvabledagpr of polyvinyl pyrrolidone (PVP) was first formed by extruding a 45%

Luvitec K60 PVP solution (supplied by BASF Corporation) around a titanium wire. An inner
electrocatalyst layer was then applied onto the PVP-coated wire via ink extrusion. Two
membrane-forming layers of concentrated 32 wt% Nafion solution were sequentially extruded

over such inner electrocatalyst layer.

[0117] Specifically, the 32 wt% concentrated Nafion was obtained by evaporating a diluted
Nafion solution that contained 20 wt% Nafion 1100EW (from Solution Technology, Inc.) in a
mixture of alcohols and water. The concentrated Nafion solution had a viscosity of 890 poises, as

measured by a rotational viscometer (Brookfield LVT model) with a #4 spindle at 6 rpm.

[0118] The catalyst ink used for forming the inner electrocatalyst layer was prepared by blending:

Material % weight
Platinum black (HiSpec 1000 from Alfa Aesar) 16.0
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TABLE 11 Inner 32% Nafion 32% Nafion WMaterial: PVP
60 Bore ink 1St Layer 2°' Layer Line Speed [mMmn] 3
wa2m4a6Bxe rusion Rate [m/mn] 0.54 0.25 0. 43 PCEBS2003/041148

Extrusion Die Oifice 0.053" 0.057" 0.047" 0.047"
Extrusion Tip ID - - 0.039" 0.039" Sleeving Die ID x
ODLBicmzed w@te032" 0. 033"x0. 0425" - IR Dryer #l S8&

Poidfit aq[?@]usM@omw@tigvsfr@vsolum&eplmtogy, Ih®r 20 % 18465 on
no 3yerplyserytioacid R Dryer #2 Set Point [C] 400 375 24.0-
Layer Thickness [m crons] 50m 20m 50m 50m [ 0121] The
outer dianmeter of the nulti-layer assenbly so forned
was approximtely 800 to 810 microns. [0122] Such

[011fTihe 3Veappbracrabsenbhivys 4vaslierhdy (weight averogadandleaithr weight) dissolved
| engths. An outer electrocatalyst |[|ayer was forned

in 5%\aéqohelibasaddfdafion habiseosiey plaspelr catalkst ifkywdsrabediiormpisas, as measured
catal yst ink paste thereonto. Specifically, the

by a Baeokfigld L ViTiretafienal Yienomeisywilythe #6 stiedle gtl6@cpmocat al yst
| ayer was prepared by blending the follow ng
materials: Material % weight 34 WO 2004/067259
PCT/ US2003/ 041148 Pl ati num bl ack (H Spec 1000 from

[012()] fThe meosess)condti@sPei tniaket-desdribed ¢8riBion Focasseo el outlined in the
based Nafion solution (Solution Technology, Inc.) 66.3

folloprrigy Table HE. |Haok o€ theydxtrneomeiewseverd pérforfned pt er embigatr teinpéreture of
size, Aldrich Chem cal Conpany)

approximately 72°F (22°C), and the drying was done with a medium wave infrared unit, 1 meter

long.
TABLE I
Inner 32% Nafion 32% Nafion
Material: PVP 60 Bore ink 1% Layer 2™ Layer

Line Speed [m/min] 3 1 1 1

- Extrusion Rate [ml/min] 0.54 0.25 0.43 0.43
Extrusion Die Orifice 0.053" 0.057" 0.047" 0.047"
Extrusion Tip ID - - 0.039" 0.039"
Sleeving Die ID x OD 0.023"x0.032" 0.033"x0.0425" - -
IR Dryer #1Set Point [°C] 425 400 375 375
Applicator for 20 % Nafion no yes no no
IR Dryer #2 Set Point [°C] 400 375 - -
Layer Thickness [microns] 50um 20pm 50pm 50um

[0121] The outer diameter of the multi-layer assembly so formed was approximately 800 to 810

microns.

[0122] Such multi-layer assembly was then cut into desired lengths. An outer electrocatalyst
layer was formed over the Nafion membrane layer ink, by brushing a catalyst ink paste thereonto.
Specifically, the catalyst ink for forming such outer electrocatalyst layer was prepared by blending
the following materials:

Material % weight
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[0123] The catalyst ink paste was dried in an
air-circulating oven at 70C for 30 mnutes, and then
WwW@e002a&259 or 1 hour. [0124] The nulti-| ayered PCDHESR03/041148
were then placed in water with sufficient tinme to
di ssol ve and renove the PVP layer, so as to rel ease
the Nafion nenbrane |ayer and to forma | unen inside
t hé&latingh Plapk GHERtnedAe) frepy Atfa Agsar)passage of | i qui d86r
gadegized weler or oxi dant, but without renoving tH&8
t i D4ralepholtiaped Nafioe solutidndSelwrrarleghmologintingbl | ect orép.3
t h&pkyjerafly enppewdepl et e mi crofi brous fuel cellll was
f i flinfoyonfpartivkeckidgy Aldtiele Chegniesh Compasy) current col | ect or
at the shell side of the rel eased and catal yzed Nafi on
menbrane/inner current collector fibrous assenbly.
[0128X Alpeatalyst frl a8} whdriel isan@izaaiyshlating dven afi 17 © far 30 owsites, and then
fuel cell was forned by steps simlar to those
at 12§&sérillbhed- in Exanple 3, except that a different
catal yst ink was used for formng the outer
el ectrocatal yst |layer, and that an additional thin
protective |ayer of PVP (Luvitec K60) was applied over
[012¢ hdhe guéi-layespe Ebgre avateathers pladed yir watep wathotuéftstiens tinh td digenive and
when passing the fibrous assenbly through the Puller
remayp thet e ek esounp tamsicpse thON 2 Spebrinkilayat fngd to figren a lumen inside the
catal yzed ink used for form ng the outer
Nafiert membronsaloydr yertpassagee! liguid or paseqya e obgxidng hdi wighauhemoving the
following materials: Material % weight Platinumblack
titanijup \Epee e.1 0o dwr amem chBecelstheryindl 6. 2 Dei oni zed wat er
34.0 5% aqueous based Nafion solution (Solution
Technol ogy, Inc.) 26.4 35 WD 2004/ 067259
PCT/ US2003/ 041148 20% al cohol based Nafion sol ution
[012§SéN agtriptste MistHibesiue §iel callrveas ingllyefoB8edry| pjesitigyzh @ner axienliecollector
in deionized water 9.0 (600k Mv, Al drich Chem cal
at theghgdlasige) of the released and catalyzed Nafion membrane/inner current collector fibrous

assembly.

EXAMPLE 4

[0126] In this Example, the microfibrous fuel cell was formed by steps similar to those described
in Example 3, except that a different catalyst ink was used for forming the outer electrocatalyst
layer, and that an additional thin protective layer of PVP (Luvitec K60) was applied over the outer
electrocatalyst layer to protect such layer when passing the fibrous assembly through the Puller

and the Take-up unit.

[0127] Specifically, the catalyzed ink used for forming the outer electrocatalyst layer was

prepared by blending the following materials:

Material % weight
Platinum black (HiSpec 1000 from Alfa Aesar) 16.2
Deionized water 34.0
5% aqueous based Nafion solution (Solution Technology, Inc.) 26.4
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2% Pol yet hyl ene oxi de in deionized water 5.7 (8
mllion My, Aldrich Chem cal Conpany) Pure Triton
w@eokaecant 1.1 (Triton X-100, Al drich Chem ceCT/US2003/041148
Conpany) [0128] The viscosity of this catalyzed ink
was approximately 9 poises, as neasured by a
Br 8¢%falcehal based Neigaresolutina [Sobitisn deanelpgyniitch) t he #4.6
s pbhdRodyetilyle6@oxi¢ain dfiodizg@] waldre prot ective PVP | apér was
f ofaP8k Moy, Addrich (demygaldPoragugous PVP sol ution of 40 wt %
PVPYoRobsrethylvee oudesin debeietdwatat al yst | ayer. [0130p.7
Pr (teskonddwdAldrionEhenoeal €etpand) ng t he out er
el Buterloiteatkfpgant| ayer and the protective PVP | ayer
we (Bitod Krl€0,3gdedh GhemiriahCompanxt r usi on Rate [ml / m n]
0.25 Extrusion Die Hole 0.047" Extrusion Tip ID
0.425" IR Dryer #l Set Point [C] 400 Applicator for
[0128J0 %P ViRcysity df RhiSr satatyz#@ iSetwaPaippioxin@lely3 P5poideay ey measured by a
Thi ckness [microns] -20 [0131] The protective PVP
Brookfiglé L Vilastati@rbwedmeier witlytht Hé smudlse§lem. post - ext rusi on
steps, in which the renovable PVP substrate was
sel ectively renoved (as described in Exanple 3) to
forma lunmen inside the hollow mcrofibrous Nafion
[01294e fbe mmvectierP\Jabsagesdbrnied dyleytndigem fquedus d¥VPagotution of 40 wt%
EXAMPLE 5 [0132] A 304-grade stainless steel wire with
PVPavditlzneite elegfoc@alp@®yemas provi ded, and a swel | abl e
Naf i on nmenbrane | ayer was fornmed thereover by using a
Nafi on 1100EW pol yner solution (supplied by Solution
Technol ogy, Inc.). 36
[0130] Process conditions for extruding the outer electrocatalyst layer and the protective PVP

layer were:
Line Speed [m/min] 1
Extrusion Rate [ml/min] 0.25
Extrusion Die Hole 0.047"
Extrusion Tip ID 0.425"
IR Dryer #1Set Point [°C] 400
Applicator for 40% PVP yes
IR Dryer #2 Set Point [°C] 375
Layer Thickness [microns] ~20

[0131] The protective PVP layer was removed during the subsequent post-extrusion steps, in
which the removable PVP substrate was selectively removed (as described in Example 3) to form a

lumen inside the hollow microfibrous Nafion membrane for passage of the hydrogen fuel or air.

EXAMPLE 5
[0132] A 304-grade stainless steel wire with a diameter of 0.020" was provided, and a swellable
Nafion membrane layer was formed thereover by using a Nafion 1100EW polymer solution

(supplied by Solution Technology, Inc.).
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WD 2004/ 067259 PCT/ US2003/ 041148 [0133] Specifically,
a concentrated 32 w % Nafi on sol uti on was obt ai ned by
weraposasd ng a diluted Nafion solution that cePCI/Eb29631041148
20 W % Nafion 1100EWin a m xture of al cohols and
water. The concentrated 32 w % Nafion solution had a
[0133]i SpoHficely, eftorBafiratedidd @Y Negiomedsioned:s bytained oyt evbpa@atalg a diluted
vi scometer (Brookfield LVT nodel) with a #4 spindle at
Nafid soprion [l Befitai®dc2) @20 WelBenNAOIBW is @l mikiuonofivdehelx tandidedr. The
onto the stainless steel wire in a continuous,
conceniBABE od’df Maffinonlubiyn basi fgis@sihi ef 390 roisps ap urwpsurcfitiy a rotational
Nafi on coated wire was then passed through a nedium
visconmtee (Brndlfreld IS0l choged) withor #4ckpindlegt Gnan.cur i ng t he Nafi on
menbrane | ayer. [0135] The extrusion process
conditions were: Line Speed: 1 mimn Extrusion
Tenperature: anbient (approximately 72F/ 220
(0134 BwahsiZomt YRNkfEon ©ludign wid ertredékentel tieahrirbise steld| vaire i@.a0®8tinuous,
Extrusion Tip: 0.026"x 0.0355" hypo-tube 1R Dryer
autorhaseryfahiorbyi wsingR Mi¥tgretypeStmpPdliha Nafigy &@tdd 06} as Alienepassed through
dryi ng, the thickness of the resulted Nafion nenbrane
a mefliaperaveigraappdysi fopdrghy ariGuringths Nafiorcmemigancler.
Naf i on-coat ed fiber was then passed through the belted
puller to a take-up unit, which wound the fiber onto
a spool. [0137] The Nafion-coated fiber was then cut
[0133]InTe ekgwsiomprotesnginiisionsdrared i n at 70C for 30 mi nutes,
and then heat-set at 125C for 1 hour. These
Nal.mefBpesdat ed fi bers wkmémichen placed in water with
suEttisiosMempemeret 0 al | awbietidapiNekinarelnB2fb/2a7@ | ayer to
swBkttusmndateher eby becofd3 détmached from the stainl ess
st Bgtusigndc Hoke 0. 020" 08%Hi nl ess steel wire was
r efpwentlap:f or m a hol | 6:626Yk 610855 "hypetsibe Naf i on nmenbr ane
halR Pyeahengtimer di anet ém and an outer dianeter of 520
anR Ber set®piohs, respéttCvely. 37

[0136] After drying, the thickness of the resulted Nafion membrane layer was approximately 40
to 50 microns. The Nafion-coated fiber was then passed through the belted puller to a take-up

unit, which wound the fiber onto a spool.

[0137] The Nafion-coated fiber was then cut into desired lengths, dried in at 70°C for 30 minutes,
and then heat-set at 125°C for 1 hour. These Nafion-coated fibers were then placed in water with
sufficient time to allow the Nafion membrane layer to swell and thereby become detached from the
stainless steel wire. The 0.020” stainless steel wire was removed to form a hollow microfibrous
Nafion membrane having an inner diameter and an outer diameter of 520 and 600 microns,

respectively.
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WD 2004/ 067259 PCT/ US2003/ 041148 [0138] A conplete
m crofi brous fuel cell can then be fabricated using
W b@4abmye- descri bed hol | ow m crofi brous NafiP@I/US2003/041148
menbr ane, by catal yzing the bore and shell sides of
the nenbrane with platinumcatalyst, according to the
[0138latAadoypietd mierofibroiim fuglieed celi thet bstabridaied usifg theabestdescribed hollow
Application No. 10/253,371, and by placing a 380
micrpfilrpesnNefionreennbrens, by ceelyziag teeabdie ¢hd shedl $ideseofahel ntetmbrane with
shell sides of the catal yzed Nafion nenbrane. [0139]
platiffine catelystprreending s dht datnlyzpiiandiadinges disclosed iroTiSh Patgst Application
fuel cell include: Let-off stand for the wire spool
No. 8)/ATp.61) andery macingus B¥hmigian dugentapldoydr ag eacheof MNeef hopmartdothe shell
the wwire Piston Punp Medium wave Infrared dryer - 1
sidegydtileercatabyned Welonewtnbdnki ng unit to nove the wire
t hrough the process Take-up unit to collect the final
product on a spool EXAMPLE 6 [0140] In the
fabrication of the mcrofibrous fuel cell of this
[0138k dhpeauipntents usgltfer pradusing dednicrefibigdefuel cgll tirictwmi um wi r e
with a 0.020" dianeter a catalyst ink paste for
f olLaf-offstariddorn thheire sfoekt r ocat al yst | ayer a 20 wei ght %
Nafi on (DuPont DE-2021) solution a concentrated 32 wt %
NafSingle-leyst etiusinn diedertaaplyie ther¥afionttthe Woe f or mi ng t he
outer electrocatal yst |ayer [0141] The equi pnrents used
f oPisppnddmpi ng the nicrofibrous fuel cell include: a
| et-off stand for the wre spool a single-Ilayer
ex MadBimomevd ibefrdr ot drgect A mabtandpnghe cat al yst i nk paste a
pi ston punp an infrared dryer a coating die to apply a
t hiBaltddppling ghit torraov2Chawide thbiglofhe pokest i on over the ink

Take-up unit to collect the final product on a spool

EXAMPLE 6
[0140] In the fabrication of the microfibrous fuel cell of this example, the materials used include:

a titanium wire with a 0.020" diameter

a catalyst ink paste for forming the inner electrocatalyst layer
a 20 weight% Nafion (DuPont DE-2021) solution

a concentrated 32 wt% Nafion solution

a catalyst ink paste for forming the outer electrocatalyst layer

[0141] The equipments used for producing the microfibrous fuel cell include:

a let-off stand for the wire spool

a single-layer extrusion die for extruding the catalyst ink paste

a piston pump

an infrared dryer

a coating die to apply a thin layer of the 20 wt% Nafion solution over the ink

a hot air drying chamber

a second extrusion coating die for applying the concentrated 32 wt% Nafion solution
a second infrared drying oven

a belted pulling unit to move the wire through the process

a take-up unit to collect the final product on a spool
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a hot air drying chanber a second extrusion coating
die for applying the concentrated 32 wt % Nafi on

wG@olwnem a second infrared drying oven a bel p€dUS2003/041148
pulling unit to nove the wire through the process a
take-up unit to collect the final product on a spool

[014218 TR0 B RIRE 0T FOTINYSROOBL Bl4didetBalyftddydRyasTHepared by blending:
catal yst ink paste for formng the inner
el éebYodyareadhy siatinuayeck(BHESppe Epafmh Alifa bésenidi ng:  20. 5%
by 7¥iog h & YomiqatounNafidy salokor( ogpRadutibddectnplogy, Md)a Aesar)
7 3%60dff 2 Yo 9t Eigu ebpdyetlatene nxidoinuteionized WatenioGH0AX MwerPEO supplied
TebhAddrol Chethind GonBesypincad 5% sol uti on of pol yet hyl ene
oxil¢&o Pure dafoo Sinfastint@iriem X-60DH080 CIREG 2 Gppbangdine py
Al drich Chem cal Conpany, Inc.) 1.5% Pure Triton
Surfactant (Triton X-100 by Aldrich Chem cal Conpany,

[014B]n@hy vig@sBYf stthenk pasteowis 29 poikessasateasunéd fyassBreokizsd YT rotational
poi ses, as neasured by a Brookfield LVT rotational

viscopheter ovithttier #mpiniletth@ ph. spi ndl e at 60 rpm [0144] The
concentrated 32 wt % Nafion solution was obtai ned by
evaporating the 20 wt % Nafi on 1100EW sol uti on
obt ai ned from Sol uti on Technol ogy, Inc. Such

[014¢b Aberincertrttd RAMW G Na§ol soiition vhadbtaiaedbysyagirating dfe 9% Nafion

poi ses, as neasured by a rotational visconeter

1100@&’ sxélktfonl@btdmbd/ﬂfonr@d@hpn Wgchhology, 4. SpibredhentadtedNafmsolution had
[0145] The catal yst ink paste used for form ng the

a visoesite of 890emisen catehystl by ayretatioas visrospier érobisficldbl €fidiodgl) with a
18.8 % by wei ght platinum black (H Spec 1000 from Al fa

#4 sphediast)o rpth3. 8% dei oni zed water 1.1%
pol yt etraf | uor oet hyl ene powder with 1 mcron particle
size (supplied by Aldrich Chem cal Conpany, Inc.)
66. 3% of a 5% Nafion (in a m xture of al cohols and

[014§alee yatdlgOniEpYstalsed farfornBag theicmter electrocatalyst layer was prepared by

blending:

18.8 % by weight platinum black (HiSpec 1000 from Alfa Aesar)

13.8% deionized water

1.1% polytetrafluoroethylene powder with 1 micron particle size (supplied by Aldrich

Chemical Company, Inc.)

66.3% of a 5% Nafion (in a mixture of alcohols and water) 1100 EW solution (Solution

Technology, Inc.)
[0146] Line speed of the process described above was 1 m/min, and extrusion temperature was at
ambient conditions (approximately 72°F/22°C). The extrusion rate through the single-layer
coating die for forming the inner electrocatalyst layer was 0.15 ml/min. The set point for the
infrared drying unit for the ink layer was 400°C. After exiting the dryer, the catalyst-coated fiber
was passed through a coating die filled with the 20 wt% Nafion solution, so as to apply a thin layer
of 20 wt% Nafion solution over the inner electrocatalyst layer. This thin Nafion layer was dried by
passing through a hot air tube, where heated air was supplied at 100-110°C. The thin layer of 20

wt% Nafion solution was used to improve adhesion between the inner electrocatalyst layer and the

next layer of concentrated 32 wt% Nafion.
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Technol ogy, Inc.) [0146] Line speed of the process
descri bed above was 1 nimn, and extrusion tenperature
wor®4at725anmbi ent conditions (approxi mately 72RPQRT$2003/041148
The extrusion rate through the single-layer coating
die for formng the inner electrocatal yst |ayer was
0.15 mM/mn. The set point for the infrared drying
unit for the ink layer was 400C. After exiting the
[014d@} Wditer exitieg thathet ¢is tdryen at seepnflj singte-layga sopmg sk washnsed g apply the
coating die filled with the 20 wt % Nafion sol ution, so
concgrirated ByYpMNafian seliton, apish wagfpuz@edvet/s gé io610.48 ahlkbino rThe second
over the inner electrocatalyst layer. This thin Nafion
Naﬁpla;ﬂgqcr Wsdrigd ite e nfrared alsysi alg3 1500 Tigh Nafibrotoaid rfibbutyes, then passed
where heated air was supplied at 100-110C. The thin
throyghythe badfed 20llerip $oipksfipomitswhigh womndiks fikerf dntom §poplr oweh Nafion-
adhesi on between the inner electrocatal yst |ayer and
coatgdhigber piethis poay epnsistedor o304 tvar, 82 innevsldabratalyst BFeld 10 to 15
2004/ 067259 PCT/ US2003/041148 [0147] After exiting
micrpipeariiet Nafion mgmpesane layerad glomutlS Ginisine- | ayer coating die
was used to apply the concentrated 32% Nafi on
sol ution, which was punped at a rate of 0.48 m/mn.
The second Nafion |ayer was dried in an infrared
[0148} puch Mefi@7®a@ed The wWafdubmiccdrairaldefgtive rndvasoutéretecpamebdt layer
through the belted puller to a take-up unit, which
was {Qouertbit treshiriglserpfalystinlopasteoptodhe N&ipnmeNgdbfane teyerc Odie edalyst ink was
fiber at this point consisted of the 0.020" wire, an
drieq inpe70°€] fer 3t womtes apd theh aly @5° @ for 1hotno Mise multflgrs ﬁb@snd'ere then
a Nafion nenbrane | ayer of about 50 m crons. [0148]
placguphwiiaf iwoth- sxbiztiend tiiebor allesys the UNafiont merdigsie bglerl wngdils thereby
and an outer electrocatal yst |ayer was forned by
sepatatings then@ 020" catralfipst the nkafjpashentomteolaydreasNadll an theeimherasm@ outer
| ayer. The catalyst ink was dried in at 70C for 30
electricittlly & Sayedd) dThdédlachéd 0.BHC Wity wds fherl FemoVB®ERrefrom, forming hollow
multi-layer fibers were then placed in water with
fibers Wdrhpringnt h(ﬂlbﬁﬁmﬁl@ﬁaﬂo{l%ﬁdﬁ%&ﬁfrﬁr@narﬂﬁﬁéﬂe@d&ﬁodaﬁl/ﬁf la}&®, and an
swell, thereby separating the 0.020" wire fromthe

outeﬂ\ﬁédt@éhtd]}ﬁdﬂlfy&n ETHeBbwW EDedBlele BE ARG dINRAFM aﬂhﬂe A&tbAle solution
el ectrocatal yst | ayers. The detached 0.020" wire was

for 1thaginto F&EVé @elpuriies, @fch &M N hfuft BEd B@IrhiBN to fektBR a8l exchangeable sites
conprising a hollow mcrofibrous Nafion nenbrane, an

into the BE For ACITALAEISdnYS vith Adl&tized MAtkr @it drRH&e70°C for 10 minutes.
el ect rocat al yst layer. The hollow fibers were then

pl aced in warm di |l ute peroxide sol ution

[0149] Subsequently, a 0.015” diameter titanium/copper clad wire (i.e., the inner current
collector), as disclosed in U.S. Patent Application No. 10/188,471 filed July 2, 2002 and the
content of which is incorporated herein by reference in its entirety for all purposes, was inserted
into each of the hollow fibers, leaving a 0.005 passage between such inner current collector and the
inner electrocatalyst layer. An outer current collector was secured to the outer surface of each of
the hollow fibers by a fine titanium wire wrapped therearound, so as form complete microfibrous

fuel cells.
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for 1 hour to renove inpurities, then in IN sulfuric
acid overnight to restore all exchangeable sites into
wo b4bb7260rm and finally cl eaned with dei oni zRCT/WE1003/041148
and dried at 70C for 10 minutes. [0149] Subsequently,
a 0.015" dianeter titaniunfcopper clad wire (i.e., the
[0150]nTky cucrantrdensity of odd e stadrmhicrofibrods Biel awlg dvhiah itatdut Pdbmwith a 3
Application No. 10/188,471 filed July 2, 2002 and the
cm” suefdeainda, s tedtddclh ambientrondifims aDechyldeiged wadigd tethe steti e, and air
inits entirety for all purposes, was inserted into
was fedehthebort kide hiddutlowidrofibesus fudl edl botl ata 2teGI20 pe'sda §arrent density
bet ween such inner current collector and the inner
was sipesimadat3d 1ost40 inad/em? atAns oeltse rAt@ur vodist the obrteat tasityass 215 to
secured to the outer surface of each of the hollow
220 thikers by a fine titaniumw re w apped therearound, so
as formconplete mcrofibrous fuel cells. 40 WO
2004/ 067259 PCT/ US2003/041148 [0150] The current
density of one of such mcrofibrous fuel cells, which
is about 6" long with_a 3 cnR surface area, was
tested at anbient conditions. Dry hydrogen was fed to
the shell side, and air was fed to the bore side of
such mcrofibrous fuel cell, both at a rate of 20
[015T]c Wila theGuventind hakebeeh tdgscribaisheagip mathi rafeteatoy tol @bcifio ethd@iments,
mA/ cn2 at 0.5 volts. At 0.4 volts, the current density
featuve® an@dspedty) it vAR Be nedbgtitzd thad e Ifveltinl i@ ndthiusi limviged ) bud mtliea sxtends
been described herein with reference to specific
in utéhp adothenh&dificatieat uirasiomn dppdisgoad, and ietmbodimbntlyeand accordingly all
recogni zed that the invention is not thus limted, but
such lofiteh efodidixitng Svaridtiong) tapplichyjoris Oand tedodimealis fatectat bleomgarded as being
vari ations, applications, and enbodi nents, and
withia ¢leosp it gl sgorel df theduwehti@t her nodi fi cati ons, variations,
appl i cations, and enbodi nents are to be regarded as
being wthin the spirit and scope of the invention.
41 WO 2004/ 067259 PCT/ US2003/ 041148 THE CLAI M5 Wat
is clained is: 1 A nethod for fabricating a
m crofibrous fuel cell structure, said nethod
conpri sing at
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| east the steps of: (a) providing a fibrous substrate
structure conprising at |east one renovabl e substrate

woreaoenéab9 i n solid phase; (b) coating a | ayer PET/US2003/041148

menbrane-form ng material over said fibrous substrate
structure; and (c) subsequently renoving said at |east
one renovabl e substrate material, so as to forma

hol | ow fi brous menbrane separator having a bore side
and a shell side, wherEilBCEADdSni crofibrous fuel cell
structure conprises (1) an inner current collector,

Wha{i2ylainged iput er current collector, (3) the hollow

1.

fi brous nenbrane separator, wherein said hol | ow

fi Brm@tQOdTéqrﬁalametlr@eqaamcmfﬁrowdhﬁrqeﬂ e@uqmre,eﬂﬁaai:mp@b@'penprlsmg at
mediumand is in electrical contact wth the inner
culepgithe stepb blect or at its bore side and the outer

current collector at its shell side, and wherein the

bofe si devidingsdibdous elilisate tivigtuouisompeining aneastepaemowable substrate
further conprises a lunmen allow ng passage of fluid

t her et hmetgghl,in §olid phzsei nner el ectrocatal yst | ayer

coating on said hollow fibrous nmenbrane separator at

i t ©)bor evasingley lamd of Sherarareuibening eh@eial owat ahkids tibloay enbstrate
coating on said hollow fibrous nmenbrane separator at

its shebttucgirgdend 2. The nethod of claim 1, wherein said

at | east one renovabl e substrate material is sel ected

f r &In t heubgequenglycromeyisg said) abfeass Lnk ireradplable ralbstmicabasrial, so as to
neltable materials, and soluble materials. 3. The

met hod &fmelhallow fibrowhsembraesapatatat halieg g bore nige pathashalb kige,
substrate nmaterial conprises a soluble materi al

s evbetiadail mmofibreugfuelugs!l coweirs tomprised (1aen drsotwrshiecollector, (2)
materi als, alkali- soluble materi al s,

or ganite-cswén esltectsn (1) ihechohtat dibicab smiembrnde swptretor, sdlerghl seid hollow
materials. 42 WO 2004/ 067259 PCT/ US2003/041148 4. The
mefibrods mEmbrasd sepdratonkrenmeises @adlebtralytel reedsum embisrie gipvtabd] eontact
substrate material conprises a water-soluble polyneric
maweh ittel ingee Icarené dolfertormatt itseborpr Bdrpand dhws o8¢ qugrerdfcollector at its shell
pol yvinyl pyrrolidones, polyvinyl alcohols, and

pobiget dmd| ehameigl the dbis. side of said hollow fibrous membrane separator further

comprises a lumen allowing passage of fluid therethrough, (4) an inner electrocatalyst
layer coating on said hollow fibrous membrane separator at its bore side, and (5) an outer

electrocatalyst layer coating on said hollow fibrous membrane separator at its shell side.

The method of claim 1, wherein said at least one removable substrate material is selected
from the group consisting of sublimable materials, meltable materials, and soluble

materials.

The method of claim 1, wherein said at least one removable substrate material comprises a
soluble material selected from the group consisting of acid-soluble materials, alkali-

soluble materials, organic-solvent-soluble materials, and water-soluble materials.
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5. The method of claim1, wherein said at |east one

renovabl e substrate material conprises polyvinyl
w@onobizéone. 6. The nethod of claim 1, wherei PCHERZI03041148

| east one renovabl e substrate material conprises

pol yvi nyl al cohol. 7. The nmethod of claim1, wherein

said fibrous substrate structure consists essentially

of said at |east one renovable substrate material in

soThemphadbef. clddm 1Tiwberamiséid ot ledst @leagmeviblefsubystrive material comprises a

conprising the steps of: (d) attaching an inner

cumaentoludd Ipebheric twatedrd delkledwrdm bthe ugrome nbnsutieg of polyvinyl

separator at the bore side; (e) attaching an outer

c upyrediidomes| doboingt altahotshend Ipollyétoylerfei ghycolss nenbr ane

separator at the shell side; (f) formng an inner

el ectrocatal yst |ayer on the hollow fibrous nenbrane

separator at the bore side; (g) formng an outer

el &h¢ methed af ¢lsitn 1, ampercirosaidt di éeabiaink camdvalie culstrare mateanlecomprises

separator at the shell side, wherein steps (d)-(9)

capolpenydapmolehnout sequentially in any order, or two

or nore of said steps can be carried out

si mul taneously in any conbination. 43 WD 2004/ 067259

PCT/ US2003/ 041148 9. The nethod of claim1, wherein

sailte fethod olsclsitbls twhatetn sidrat ddastrone campynbls esbstate enmviall comprises

interface in contact with at |east a portion of said

oneolgvinylwicehadlenovabl e substrate materials, which

facilitates renoval of said at | east one substrate

material. 10. The nethod of claim9, wherein said

renoval interface conprises an open cavity inside

s allte mtthbdasiaimrie wheninwal fibrogsibdstradd runtmtesmonadts essentially of said

t hrough which a renmoving fluid can be passed through

t oatrlessbae raadvelble sutsirath hetesailis talidtpbasemt eri al . 11. The

met hod of claim11, wherein said fibrous substrate

structure conprises a first

The method of claim 7, further comprising the steps of:

(d) attaching an inner current collector to the hollow fibrous membrane separator at the
bore side;

(e) attaching an outer current collector to the hollow fibrous membrane separator at the
shell side;

(f) forming an inner electrocatalyst layer on the hollow fibrous membrane separator at the
bore side;

(g) forming an outer electrocatalyst layer on the hollow fibrous membrane separator at the
shell side,

wherein steps (d)-(g) can be carried out sequentially in any order, or two or more of said

steps can be carried out simultaneously in any combination.
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renmovabl e substrate material, and a second renopvabl e
substrate material in solid state, wherein said first

WO e0elabe substrate material is nore readily PENUSYZDS/@41148

10.

11.

12.

13.

14.

than the second renovable substrate naterial in solid
state. 12. The nethod of claim 11, wherein the first

r el atethed oifi skim dt evhertre paidilfibiogs s@bate dtrixeddro rcemprises a removal
renoval of the second renovabl e substrate naterial,

f omtarfage @ canasy aithi aitleast acprtion off sagd bnd at enoree mowerhblefsubstrate
the second renovabl e substrate material. 13. The
nmethedalgfwiidhadnahitdtes minevad iofisaghdt teaftione sbstradenpstenat e
structure conprises nore than two renovable substrate
materials of different renovability, at |east one of

which is in solid state. 14. The nethod of claim1,
wh&heinathsd bficlhinb?, ovisreukrd reatogalsinterfate compGEan iopescayity inside
inner current collector, and at | east one |ayer of

r ey ableast Sub sdnrevttde NEtstrate ahatarieh tthrogghowkich s aemdovimn @nid can be
current collector, so that after said renovabl e

S upssbedahreoughed emicat sdid rememihleghpsttateematenalbr ane- f or m ng
material | ayer coating over said fibrous substrate
structure fornms the hollow fibrous nenbrane

separator, with the inner current collector at its

boilke suetled df4clid 200vhef6y 250 MCTUsUSBEOEBY Giutdctd8 colrdprises a first
The nmethod of claim 14, further conprising the steps

of renfostiblatibaicdic ngteanl, oud erse@ud remivage|shistbte mdterial lresolid state,
hol | ow fi brous nmenbrane separator at the shell side;

( ewhérenrshid dird nennavalde sublsiedit moeelas yete rbadyle rengrvatlh ¢han the second
hol | ow fi brous nmenbrane separator at the bore side;

(f yenfomabiie suhsteate roaitrél insdoBd statocat al yst | ayer on the

hol | ow fi brous menbrane separator at the shell side,
wherein steps (d)-(f) can be carried out sequentially

in any order, or two or nore of said steps can be

caflhé methodiof ddinmill 1 wivecn glefirst meragwyble euitsirata triatnial id GemoVhdkbefore
nmet hod of claim 14, wherein said fibrous substrate

st renoivair ef the rspeand esmavabkemopsttate material, forming a removal interface to

facilitate removal of the second removable substrate material.

The method of claim 1, wherein said fibrous substrate structure comprises more than two
removable substrate materials of different removability, at least one of which is in solid

state.

The method of claim 1, wherein said fibrous substrate structure comprises an inner current
collector, and at least one layer of removable substrate material coating over said inner
current collector, so that after said removable substrate material is removed, the
membrane-forming material layer coating over said fibrous substrate structure forms the

hollow fibrous membrane separator, with the inner current collector at its bore side.

44



interface in contact wwth at |east a portion of said
| ayer of renovable substrate material, which

wo 200461284 es renpval of said renpvabl e subst r aP@T/US2003/041148

15.

16.

17.

18.

material. 17. The nethod of claim 16, wherein said
removal interface conprises an open cavity inside
sailte ingthed oftflaimd Apfueier eorsprissigtizt tepsafer i al and
adj acent to said inner current collector, through
whid hettachiegroveuigy dutrentdolbeator e the delew fiblnue ughibtane sepamce at the
the renovabl e substrate material. 18. The nethod of
cl ai hdllisideyher ei n sai d fi brous substrate structure
conprises a first layer of a first renovable
subs tfoatieg aminesrickctraaatystigyeovethe Sallay fimes meubrar@rstparator at the
collector, and a second |ayer of a second renovable
substhoat edgyat erial in solid state and coating over
said first layer, and wherein said first renovabl e
sub tfoatieg amowerickictrocatalysirlayer emthe hyllavefinvehentrh@rsepardie at the
second renovabl e substrate material in solid state. 45
WO 2004l §6%259 PCT/ US2003/ 041148 19. The et hod of
claim 18, wherein the first renovabl e substrate
matvgereial staps (Hdhmaete bafior @t sepentally of artyhvedes,cadwa or more of said
renovabl e substrate material, form ng a renova
i nttepsfcan ke tapriedf aat simutat@isiyemanyadombinatidére second
renovabl e substrate material. 20. The nethod of claim
14, wherein said fibrous substrate structure conprises
nore than two |ayers of renovable substrate materials
of Tt fiethodnf clagmd¥ alyhdreih said ddrous gubsirete drnetuieraoerprises a removal
current collector, and wherein the outernost |ayer
c omperfase 81 @ntaetnwita b leass alpetipabesdid lyeri f removablelsiilgktrate material,
state. 21. The'method of claim 14, wherein said
f i hohéacdiigstreratel st widotrurveble sulpirats estedale or nore
sol uble fibers placed adjacent to said inner current
coll ector, wherein said at | east one |ayer of
renovabl e substrate material coats over both the
sollbbinethpd beelsimalyl whereinismid eemevat inganface coipriegstanroperacedtity inside
wherein said one or nore soluble fibers conprise a
masaad laybr of remogdbr substeatowatorisli dnyl adfaaent ttdradid ddnet bn@rent collector,
renmovabl e substrate material. 22. The nethod of claim
1, thidveh eihichsaedofing flad sarsheystsed tleowhrio cimove theaapeviable Substrate
an inner current

material.

The method of claim 14, wherein said fibrous substrate structure comprises a first layer of
a first removable substrate material coating over said inner current collector, and a second
layer of a second removable substrate material in solid state and coating over said first
layer, and wherein said first removable substrate material is more readily removable than

the second removable substrate material in solid state.
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collector, at |east one |layer of renovable substrate
material coating over said inner current collector,

wa@nw4mer2snner el ectrocatal yst | ayer coating ovRCT/B81003/041148

19.

20.

21.

22.

23,

at | east one |layer of renovable substrate materi al

| ayer, so that after said renovabl e substrate nmateri al

i s The mathoddf claiind Spwhdyeiatie-firgremovgblamtlestrata imatteaigkis removed before
coating over said fibrous substrate structure forms

t heenfoobll ofnthei docand srenevdbiea nbstsatg araterial, , formitdh at demovahneterface to
current collector at its bore side and the inner

el éclltadc@malal of the sgcend wmatablegubdireteenerat. its bore

side. 23. The nethod of claim?22, further conprising

the steps of: (d) attaching an outer current collector

to the hollow fibrous nenbrane separator at the shell

si dbs meathod &5 1an0 12004t 66 725 HbrPGTHLIS2GCGB 16t TdBprifeenore than two
form ng an outer electrocatal yst |ayer on the holl ow

f i byeowsf nemdyride eutsepa matailsatf diffieent séradvabisitydenatingheveeithe inner
steps (d)-(e) can be carried out either sequentially

i ncarept orldeor, ask wisirein Heaneonst layer cBdiprisElh e remedvhldd sdfstrate that is |
claim?22, wherein said fibrous substrate structure
comppolidgstea renoval interface in contact with at

| east a portion of said at |east one | ayer of

renovabl e substrate material, which facilitates

renoval of said renovabl e substrate material. 25. The
nmefThoohetbdd of daim PY wheter idifilsaisdubsmewsalictimtoompasee one or more
conprises an open cavity inside said at |east one

| ay@dublofibarepled hdjecesiib sdid aner cumtre coliEctog rwhesd] aatianteast one layer
said inner current collector, through which a

r enDieimogabid subelratamatosalpasts @dert Hottothg Isoluble it \ead tiheeinner current
renovabl e substrate material. 26. The nethod of claim

22 ¢oligbter, eind vdaieth fdidooeisr swbs taldtle fibérs womprie © onprinlseShigher
two or nore |ayers of renovable substrate materials

of reghoiviltelitg than theirofthdicinovablasubdtiategnatar@at. t he i nner

current collector, and wherein the outernost |ayer
conprises a renovabl e substrate that is in solid

state. 27. The nethod of claim 22, wherein an outer

el &b¢ metbed el deirh 1] wh@einisad Goatesibgrér streeting comprises an inner current

collector, at least one layer of removable substrate material coating over said inner current
collector, and an inner electrocatalyst layer coating over said at least one layer of
removable substrate material layer, so that after said removable substrate material is
removed, the membrane-forming material layer coating over said fibrous substrate
structure forms the hollow fibrous membrane separator, with the inner current collector at

its bore side and the inner electrocatalyst layer coating thereon at its bore side.

The method of claim 22, further comprising the steps of:

(d) attaching an outer current collector to the hollow fibrous membrane separator at the

shell side; and
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menbrane-form ng material |ayer before said renovabl e
substrate naterial is renoved, so that the holl ow

wo piroeRsenbr ane separat or subsequent |y for meRCTES20031@41148

24.

25.

26.

27.

28.

outer electrocatalyst |ayer coating thereon at its

shell side, and wherein an outer current collector is
suks elqueing kyowgricletherdtalyst lesee otk hollow filyoerrsembearsr sepeeator at the
separator at the shell side. 28. The nethod of claim

1, whsbelbside,t he el ectrol yte nedi um of said hol |l ow

fi brous nenbrane separator conprises at |east one
solwherem| steps (dd{(e) can eecesiel qitt, eithét saDeRBlz 0By 288, or simultaneously.
PCT/ US2003/ 041148 29. The net hod of claim 28, wherein
said at | east one solid electrolyte nmaterial conprises

an ion-exchange ceram c, or an ion-exchange pol ynmer

s elTee ethofl rod relairh @2 gwherein ceidsfitsgus regbsidate structure comprises a removal
per fl urocarbon-sul foni c-aci d-based pol yners,

polinjeiacé mrrentbbetsath ap tehst mmogion of said at least one layer of removable substrate
per fl uorocar boxyl i c-aci d- based pol yners,

st yrtenel, winely facliitates eereovs b ifsaid rgnarebld subasaecimatpodly ner s,

and styrene-butadi ene-based pol yners. 30. The net hod

of claim 28, wherein said hollow fibrous nenbrane
separator consists essentially of said at | east one
solhelmethed bf dhiyt 22, whtremisaid.rerBdval teefapetdngdisesfangipan pavity inside
27, wherein said hollow fibrous nenbrane separator is

mi e#idpioleatisne lapardf winenveble stlistate olaieialednd cidjacdny tagsaid inner current
material is inpregnated in mcropores of said hollow

fi beltsater, ieaighartechsapapdang fluid32n befpassetl woughde remove the removable
fabricating a mcrofibrous fuel cell structure,

compsiral¢ mgtetifle steps of . (a) providing an inner

current collector of a mcrofibrous conformation; (b)
formng at | east one | ayer of renovabl e substrate

mat eri al over said inner current collector; (c)

f oiThe mgthad of emer 2% waeteinoeal fdiryustsubsayerstrostee cgmprseatwo or more
| east one | ayer of renovable substrate material; (d)

f otayem @f sementle avtstrite mpitanigls rdtdéfifdrent r¢ragebilivematinghever the inner
i nner el ectrocatal yst layer; (e) formng an outer

el eotanbedleetbry snd Wizyar theveterse@i Bysrenippagee a fanavalblg substrate that is

materi al | ayer;
in solid state.

The method of claim 22, wherein an outer electrocatalyst layer is coated over said
membrane-forming material layer before said removable substrate material is removed, so
that the hollow fibrous membrane separator subsequently formed has the outer
electrocatalyst layer coating thereon at its shell side, and wherein an outer current collector

is subsequently attached to the hollow fibrous membrane separator at the shell side.

The method of claim 1, wherein the electrolyte medium of said hollow fibrous membrane

separator comprises at least one solid electrolyte material.
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(f) renoving said at |east one |ayer of renovable
substrate material; and (g) attaching an outer current

w@olohiee269 to an outer surface of said outer PCT/US2003/041148

29.

30.

3L

32.

el ectrocatal yst layer, so as to formthe mcrofibrous
fuel cell structure, which conprises (1) the inner and
oufee methud pelsimc2y, Waetinrssid af st bhesdlid réctralpe noutral comprises an
el ectrocatal yst layers, and (3) an holl ow fi brous
e idoreacienge gadmait oor ah dorrexdhdnyge salydernselebied fremfths glomgconsisting of
material |ayer, wherein the hollow 48 WD 2004/ 067259
PChérIE200Bd 0 Idi8-aciflibledus melybeane sp@gsudibod-based polymers,
conprises an el ectrolyte nedium and has a bore side
anderfluorstrebdxysd-abéd-based h pohyeersnnestyrens-vieylibenehd-adfoaic-acid-based
and the inner electrocatal yst |ayer at the bore side,
angoliiners cutl etyrenerbuteditnechabddgotyarersand t he out er
el ectrocatal yst |ayer at the shell side, and wherein
the bore side of said hollow fibrous nmenbrane
separator further conprises a |unmen, which is forned
by The mipttald af clsiai A8, eh@viablakl baellost fibtoas nEhdridnal sepdrgior consists
al | ow passage of fluid therethrough. 33. The nethod
of esskially 32saidiin e ione sofid seelftomatesadi d at | east one
| ayer of renovable substrate material is fornmed by a
nmet hod sel ected fromthe group consisting of nelt
extrusion, solution extrusion, ink-extrusion,
spTaymethad bihgdaimP7ushereinatid hglowdilpeicaainibngne sepgachtordpmicroporous,
deposition. 34. The nmethod of claim 32, wherein in
st el (horeinsthd ebolit eldcgralyte materidl ay aiipregnateé i viadybigores of said hollow
substrate material is forned by a nelt extrusion
nmetibods meabipnd spargiot. he steps of (i) providing a nolten
renmovabl e substrate material; (ii) extruding said
nol ten renovabl e substrate material over the inner
current collector, to forma layer of a predeterm ned
t hidAcketesishr fabiida)ingomickdfipranafid] tedflysenctat, doniptiging the steps of:
renmovabl e substrate material for a sufficient period
of ()t i mprovRlingas idmer fudient calleadr iofla ficealibrag @ onfofmasien;d
renovabl e substrate material. 35. The method of claim
34 (b)whef@mmgtdt agaat layg dfsera@mble @absauit netdriabover mrid t@er current
air, or inaliquid

collector;

© forming an inner electrocatalyst layer over said at least one layer of removable

substrate material;

(d) forming a membrane-forming material layer over the inner electrocatalyst layer;

(e) forming an outer electrocatalyst layer over said membrane-forming material layer;

® removing said at least one layer of removable substrate material; and

(2 attaching an outer current collector to an outer surface of said outer electrocatalyst
layer,

so as to form the microfibrous fuel cell structure, which comprises (1) the inner and outer
current collectors, (2) the inner and outer electrocatalyst layers, and (3) an hollow fibrous

membrane separator formed by said membrane-forming material layer, wherein the hollow
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bath containing a liquid that does not interact with
the renovabl e substrate material or the inner current

w@olokeensy . 36. The nethod of claim32, wherei PCT/OSHDERI1148

33.

34.

35.

36.

(b), said at |east one |layer of renovabl e substrate
material is formed by a solution extrusion nethod,

c ofiprobs inpgbriieseptretos cafipris¢s gn Peatrelyth merdiem ang daus bore side and a
solution of a renpovable substrate naterial; 49 WO
206n¢11G672268h PETMIS20081 0dlktBand( the jnnex ¢lecicicatglys dayer at the bore
vi scous solution over the inner current collector, to

f osirde,and ty ewterfurrent cpilesthe tigt the peet ddsiredetndystlaydriat thy shell side, and
treating said | ayer of viscous solution of the

r ewberainl the o ssideatfesaiabadloivafibrbgr membrenf $epaiatontfugtier icomdprises a
of time, so as to forma solidified |layer of said

r e mmeapligctsia batredberenmatler saf ren®¥ablel$vbstragt inateriaf to ellew passage
36, wherein said renovabl e substrate materi al

confifluid therethrongb.er - sol ubl e pol yneric material, and

wherein the viscous solution conprises a viscous

aqueous solution of said water-soluble naterial. 38.

The nethod of claim 36, wherein said renovabl e

sulbb¢ methed oferlaém i3] witsosip ini ssepgb)a sgiditylenstr ang layentfarmatable substrate
that is not soluble in water, and wherein the viscous

s olnatetiginis domed ibyes mathoth selecerh frvo rthes gtovp ronsising el melt extrusion,
di ssol ves said polyneric naterial and which is

s ubdepuesrtrusion, rigkrextadiodu spragedaties, dryshrrgatsige gip-@@tingT ed vapor
met hod of claim 36, wherein said viscous sol ution of

t héepositimvabl e substrate material is fornmed at an

el evated tenperature and nai ntai ned at said el evated
tenperature during the extruding step, and wherein

the treating step involves thermally induced phase

s efpbe mtthodhofafaim3e, wienow aldtep (b)) ksd atdtast ometlayer af refow@hie substrate
said solution. 40. The nethod of claim 32, wherein in

st eptefial)is fosmedbyi anne@t exthgat methat, adnpsisingalyessteps of: f or med

by a nmethod selected fromthe group consisting of ink
ex{iy usooding spokep-renanablegyubsbeta shtecialat i ng, di p- coati ng,
chem cal deposition, electrochem cal deposition, and

v afporextrepussaid moeifen removable substrate material over the inner current collector, to

form a layer of a predetermined thickness;
(iii) cooling said layer of molten removable substrate material for a sufficient period of

time, so as to form a solidified layer of said removable substrate material.

The method of claim 34, wherein the cooling is carried out either in the air, or in a liquid
bath containing a liquid that does not interact with the removable substrate material or the

inner current collector.

The method of claim 32, wherein in step (b), said at least one layer of removable substrate
material is formed by a solution extrusion method, comprising the steps of:

(1) providing a viscous solution of a removable substrate material;
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41. The nethod of claim 32, wherein in step (c), said
i nner electrocatal yst layer is forned by an ink

wezionnei2en nmet hod, conprising the steps of: (iBCT/US2003/041148

37.

38.

39.

40.

41.

providing an ink paste conprising an el ectrocatal yst
material; 50 WO 2004/067259 PCT/ US2003/ 041148 (ii)

ex (iuekitmging atid vispdus selutian @ge thegaried current eddlspton fie fdrayalayer of a
of renovable substrate material, to forma layer of a

pr edepredetirmingd thivkedepiess; (iii) treating said |ayer of

ink paste for a sufficient period of time, so as to

f olinh tzeating iselfl flayst of eviseeusr tpduiion| of sthe Ireryasable 4@bstrRteematerial for a
nmet hod of claim41l, wherein said el ectrocatal yst

mat er sudficient pgrraded smeesoads te drace edidified dayert ¢fesaigrrempvable substrate
consi sting of platinum gold, ruthenium iridium

pal | adétemgl. r hodi um  nickel, iron, nolybdenum

tungsten, niobium and alloys thereof. 43. The nethod

of claim4l, wherein said electrocatal yst nmateri al
conprises netal selected fromthe group consisting of

pl dhe method red cpinaBp.nuereh o¢ semayable Fhfstrate tnimbetiab fongirsgsma water-
41, wherein said ink paste further conprises an

el edtblp pellyingric myerilend whenmtthy visdous seintion nerexishamyiscous aqueous
pol yneric material, a polynmeric binding material, and

a sobijemf said YateiFspdublrematerthl.of cl ai m 44, wherein said

i nk paste conprises the electrocatal yst naterial at

an anount of from about 5% to about 90% based on t ot al

wei ght of said ink paste. 46. The nmethod of claim41,

wh J%e'rmthpﬁ ef daima¥t] weprein eqid fempuiblesibetiatdragteriah epmmisksya polymeric
drying said ink paste, or contacting said ink paste

wi tiateaialc hay id aeti setyblegnwatey 7and Thieereme tthrodlisesfus cblation 8@mprises a
wherein in step (d), the nmenbrane-form ng materi al

| ayuedrogagbonfsolvprsdwhivh disselbteh eadd pelymeticeattria mmd whichrivsybsequently
consi sting of nelt extrusion, solution extrusion,

s pragovedduringdhe doyins#iercoat i ng, di p-coating, and vapor
deposition. 51 WD 2004/ 067259 PCT/ US2003/ 041148

The method of claim 36, wherein said viscous solution of the removable substrate material
is formed at an elevated temperature and maintained at said elevated temperature during

the exfruding step, and wherein the treating step involves thermally induced phase

separation of the removable substrate material from said solution.

The method of claim 32, wherein in step (c), said inner electrocatalyst layer is formed by a
method selected from the group consisting of ink extrusion, spray-coating, brush-coating,

dip-coating, chemical deposition, electrochemical deposition, and vapor deposition.

The method of claim 32, wherein in step (c), said inner electrocatalyst layer is formed by
an ink extrusion method, comprising the steps of:

(i) providing an ink paste comprising an electrocatalyst material;
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46. The nethod of claim 32, wherein in step (d), the
menbrane-formng material layer is forned by a

W@ 00uneT2m ext rusi on nmet hod, conprising the) steEBEUST003/041148

42.

43.

44,

45.

46.

47.

(i) providing a viscous solution of a nenbrane-form ng
material; (ii) extruding said viscous solution over

t hei) iepmetingsaaionk prstetoaknyssid af ey pne layer obremosatlasubstratd material, to
predeterm ned thickness; (iii) treating said |ayer of

Vi scdos sleyertof opreddtertiired fhatkbesane- f ormi ng material for

a sufficient period of tinme, so as to forma

s olii)dieftingdaiddayier efiiek pasterfonpgpuffeicat peaiod ohime,.so agd. forfihesolidified
met hod of claim 46, wherein said viscous solution
conpreiesegaibisdaysenbr ane-f ormi ng material at an anount

of from about 10%to about 50% based on total weight

of said viscous solution. 48. The nmethod of claim 46,
wherei n said nenbrane-form ng naterial conprises an

i ke extbbdnfeaipot i vereregesast tledrofatdpst tnmergl oamprises metal selected
consi sting of perflurocarbon-sulfonic-acid- based

pofrymehs grqupl opsidting rd -pivised, paf,ymiesium, iridium, palladium, rhodium,
per fl uorocar boxyl i c-aci d- based pol yners,

st yicleh érouj myllybdsemz ewestsnlnidbning aatilbybtsed!. pol yner s,

and styrene-butadi ene-based polyners. 49. The net hod

of claim46, wherein said nenbrane-form ng nateri al
conprises a perfluorosul fonate-based iononer. 50. The
meThodethdd of elrim 46, whetesr siichels@iodataliys quatrsiak odmyirisemmetal selected
conprises a perfluorosul fonate- based i ononer

di swmltheegloiprronsisimg ef plainomhotl plafivtmyalwys.51. The net hod

of claim50, wherein said viscous solution conprises

sai d perfluorosul fonate- based iononmer at an anmount of
from about 10%to about 50% based on total weight of

salllte meilwd oefsclgiol ¥l emereB2sHDIRO Qdst) BRAEHO comprises an electrically
PCT/ US2003/ 041148 52. The net hod of claim 46, where

t heontlnatizt inmagprisl, @p idmaxrohangs pelyntrar matesslralpblymdriy bmding material,
said viscous solution, or contacting said viscous
sodngdtasolvemii t h a coagul ati ng agent.

The method of claim 44, wherein said ink paste comprises the electrocatalyst material at

an amount of from about 5% to about 90% based on total weight of said ink paste.

The method of claim 41, wherein the treating step involves either thermally drying said

ink paste, or contacting said ink paste with a coagulating agent.

The method of claim 32, wherein in step (d), the membrane-forming material layer is

formed by a method selected from the group consisting of melt extrusion, solution

extrusion, spray-coating, brush-coating, dip-coating, and vapor deposition.
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53. The nethod of claim 46, wherein the treating step
involves first thermally curing said viscous solution

wa@eooanerrevat ed tenperature that is not | ess tPerUS1ve3/041148

46.

47.

48.

49.

50.

51,

glass transition tenperature of said nenbrane-formng

mat eri al, and subsequent cooling of said solution. 54.
ThEheneitthodl oD flaigd 32,nwiB2¢in whetepi(d), the meratparedprminp enaterial layer is
menbrane-formng material layer is fornmed by a

di forroediiyi arxglutet éxbaisior owihod, sompridingshestepofof (i)

provi ding a viscous solution of a nmenbrane-form ng

magie mratiding 4 vijcoul ohution df nugersiarnick-fvirsiopmstesal ut i on over

the inner electrocatalyst layer, to forma |layer of a

pr éilekewdingred idiowlsnesiey over the yuner dectroeriplssalager] wyfemm player of a
vi scous solution of the nenbrane-formng material for

a suyiddeileinandd thiekriessd of tinme, so as to forma

solidified menbrane-forming material layer. 55. The
metitioctatnfg slidilaye32f wdeusesalution ot ép rh@)brargafotniogl treaterial for a
el ectrocatal yst layer is formed by a nmethod sel ected

f r omstiffieiegirperipd efdins, sd dsng foomh aisplidiBedtmangirgr forming material layer.
spray-coating, brush-coating, dip-coating, chenica
deposition, el ectrochem cal deposition, and vapor
deposition. 56. The nmethod of claim 32, wherein in

st Ehe héthod Saiadindb, Wieast sadesdoay slutoh corepnires bidmembrane-forming
substrate material is renoved by a nethod sel ected

f r omtetifient gn aupugadsiet byt 00%subouti Sy, based tn nejql weaghd of said
di ssol ving said renpovabl e substrate in a solvent. 57.
Theissoes fobdioof cl ai m 32, wherein said renovabl e

substrate nmaterial conprises a soluble nmaterial

selected fromthe group consisting of acid-soluble
materials, alkali-soluble materials, organic-solvent

s oTb hrethnd to€ relairh 6, avheleinadaelr meobrailn-formiag endteiad compribes an ion-
wherein in 53 WD 2004/ 067259 PCT/ US2003/ 041148 step

(f ¥xchamk chobimet eadeadtedofreml thy eroupf congsting adfl rerfiubmthoatsefonic-acid-
material is renoved by dissolving said renovable

substd avlemem} polysalfonerbasedspdlyredt, sefllwodcadofylioracidiesed polymers,
group consisting of acid, alkali, organic solvent,
anstynapd-einyl-tszendFhigfonietaaniehbagfd clpalyme32, anber gymnsaitaliene-based
renmovabl e substrate material conprises a water-

sopalphes.pol yneric material, and wherein in step (f),

said at | east one |ayer of renovable

The method of claim 46, wherein said membrane-forming material comprises a

perfluorosulfonate-based ionomer.

The method of claim 46, wherein said viscous solution comprises a perfluorosulfonate-

based ionomer dissolved in a water-alcohol mixture.

The method of claim 50, wherein said viscous solution comprises said perfluorosulfonate-
based ionomer at an amount of from about 10% to about 50% based on total weight of said

viscous solution.
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substrate material is renoved by imersing it in
water. 59. The nethod of claim58, wherein said water

w0 goohese28d t o an el evated tenperature rangi ng PET/U82003/041148

52.

53.

54.

55.

56.

57.

about 40C to about 100C, so as to facilitate renoval

of said renovable substrate material. 60. The nethod

of claim 32, adapted for continuous and aut omated
fabrication of nultiple mcrofibrous fuel cell

st Thec tnathed of 6laim Fhewlret Fhodreofing fteft mvalvesaeithot Ewrnfiedly drying said
conti nuous and automated fabrication of nmultiple

m cis@is rlgies, dreedtactieg saidisaens wptusion wih a coegpiatingapehior
fabricating a mcrofibrous el ectrochem cal cell

structure, conprising at least the steps of: (a)
providing a fibrous substrate structure conprising at

| e@bd methed P neina Bb.ewismdis threatretingrater fivalved firss diefrgally curing said
phase; (b) coating a |ayer of menbrane-fornm ng
maviegdualsoloti@r att hre efeidsedo tesnpsrabise that és sotr lget thee the glagh transition
(c) subsequently renoving said renovabl e substrate
mategpe@ivre ofGaid siembraherfarmenghitdriolyand subsequent eastihg afreid solution.
separator having a bore side and a shell side, 54 WO

2004/ 067259 PCT/ US2003/ 041148 wherein the

m crofi brous el ectrochem cal cell structure conprises

( 1Yhamethodef ckired2s whiesin i 2jep dd), thet memerhrscfornyide maf@ipl layer is
the holl ow fi brous nenbrane separator, wherein said
hoFdrowd bf 4 dip-coingerthodrrempeiag the gepsebnpri ses an
electrolyte nediumand is in electrical contact wth

t h€) imeedingd gistonpghdutian of 1 mebbree-birdeg antiritlhe out er
electrode at its shell side, and wherein the bore

Si (9 dif-caatieg kel Vienus sobition svarghehinznelectwopaizlntt dayer, tor formep layer of
conprises a lunmen allow ng passage of fluid

t her etfredsteghine®Bickidse net hod of claim 62, wherein said

m crofi brous el ectrochem cal cell structure conprises

a fiipreafingsod daysatoé rvimbec salgiopzelr the membrane-forming material for a

sufficient period of time, so as to form a solidified membrane-forming material layer.

The method of claim 32, wherein in step (e), said outer electrocatalyst layer is formed by a
method selected from the group consisting of ink extrusion, spray-coating, brush-coating,

dip-coating, chemical deposition, electrochemical deposition, and vapor deposition.

The method of claim 32, wherein in step (f), said at least one layer of removable substrate
material is removed by a method selected from the group consisting of subliming, melting,

and dissolving said removable substrate in a solvent.

The method of claim 32, wherein said removable substrate material comprises a soluble
material selected from the group conmsisting of acid-soluble materials, alkali-soluble

materials, organic-solvent soluble materials, and water-soluble materials, and wherein in
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64. The nethod of claim 62, wherein said mcrofibrous
el ectrochem cal cell structure conprises a

workaaoéi2br ous chl oroal kali cell. 65. A net hod POY/US2003/041148

58.

59.

60.

6l.

62.

fabricating a mcrofibrous fuel cell structure,
conprising the steps of: (a) providing a core fiber
cospp (B, g = leastl dnel layert efirembyableshbdtetenatgiahis temagdd bgndssolving
| ayer of a swellable polyneric nenbrane-formng
mat&d raovahle sybstr8@aimdtedd rie a kolbert selental ffam) the @dvacbhdiging of acid,
said at | east one layer of the swellable polyneric
e atisll peseho solveng, andreviter.i al with a swel ling agent, so
that the at | east one |ayer of the swell able polyneric
menbrane-form ng material expands and detaches from
the core fiber; and (d) subsequently renoving the
deflae hethod of elafnh B2rwhesdn asd randvallensabstrak mewerikl onguises a water-
menbr ane separator having a bore side and a shel
Si dayblevibelymeric thterial) aidoftickrimoinsstdpu@), saiélat lesd oo tagiereof removable
conprises (1) an inner current collector, (2) an
oub@strae maeridl icehnbedtbgimméSingtitie whet.l ow fi br ous
menbr ane separator, wherein said hollow fibrous
menbr ane separator conprises an electrolyte nedi um and
is in electrical contact wth the inner current
colTheeatthnd af claitrs5&) oherciiselid veutd i Iveted tid @r elewatedaerthperature ranging
collector at its shell side, and wherein the bore
Si flemodbotth®°Qad hiomt {G0BC owsasite feilane resealr aftsaid rémetahlersubstrate
55 WD 2004/ 067259 PCT/ US2003/ 041148 conprises a |unen
al hawrinlg passage of fluid therethrough, (4) an inner
el ectrocatal yst |layer coating on the hollow fibrous
menbrane separator at its bore side, and (5) an outer
el ectrocatal yst |ayer coating on the hollow fibrous
neiThe arthod e aladh 62, alhpted forshetiluosd ae. auGnatefihfebnivetitrodt multiple
of claim#65, wherein said swellable polyneric
me nicrafileedsdndiicelystretii®s.i al  conpri ses a proton-exchange
pol yner. 67. The met hod of claim®65, wherein said
swel | abl e polyneric nenbrane-form ng nateri al
conprises a perfluoro-sulfonic-acid-based pol ynmer. 68.
Th&heraietod offclaih ali, mifpled foheseinnoushed swehlated falagetidn of multiple
conpri ses water and/ or an organic

microfibrous fuel cell structures.

A method for fabricating a microfibrous electrochemical cell structure, comprising at least
the steps of:
(a) providing a fibrous substrate structure comprising at least one removable substrate

material in solid phase;

()] coating a layer of membrane-forming material over the fibrous substrate structure;
and
© subsequently removing said removable substrate material, so as to form a hollow

fibrous membrane separator having a bore side and a shell side,
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solvent. 69. A nethod for fabricating a m crofibrous
fuel cell structure, conprising the steps of: (a)

w@emniodizeg a core fiber conprising a solid matRCT/E52003/041148

63.

64.

65.

(b) form ng an inner electrocatal yst |ayer over said

core fiber; (c) formng at | east one |layer of a

swehdreib e miotofimens eestmpirpnusné célbstrvictuce gratpeisdsg(l) aviaper electrode,
the inner electrocalalyst layer; (d) form ng an outer

el @y tui octat elbotsitie, | (A)ythe holley fibmiigmamblapasdpaive Wipyar sad hollow
swel | abl e polyneric nenbrane-formng material; (e)

C offifrausst nérbridecsepangidl @lpipeises @h \eteetrolpte meediymaaal- i dr elpgical contact
material |ayer with a swelling agent to effectuate

exyiin gheoinndrhedectrode atr igssbire isidg and tketpwerheteattodoft ithehadloside, and
fiber from said swellable polyneric nmenbrane-form ng
mak/Baréia khel bayessideas thatabllova§brbusomerhtivene sepaeator fartlapr oerpgaises a lumen
el ectrocatal yst |ayers; and (f) subsequently renoving

t hdlodeigambsage afdhuél thérbtBropglso as to form a hol | ow

fi brous nenbrane separator having a bore side and a

shell side, with the inner electrocatal yst |ayer at

its bore side and the outer electrocatal yst |ayer .at

i t 'Shes hekHod sofd elainb G2 \WOh20D4 506 1RIESIPCT IB2OQBEDWA] 48] structure
wherein the mcrofibrous fuel cell structure conprises

( 1Jongpmisesransicrofitionewitercaddctrelyreor , (2) an outer current
collector, (3) the hollow fibrous nenbrane separator,
wherein said hollow fibrous nenbrane separator

conprises an electrolyte nediumand is in electrical

c oThe aiethodi vt claine 62N véeretu saié nhicodbioas tetactradheinicgl bell etructure
side and the outer current collector at its shell

Si eteypracsch mbomfibions tHi@odlialieed.i de of the hol |l ow fi brous
menbr ane separator further conprises a |unen allow ng
passage of fluid therethrough, (4) the inner

el ectrocatal yst layer, and (5) the outer

el achatiodaoahiyrshtitgareicrofiBdus Tkcelwtrivode, chbmplismathégeps of:
wherein said swell able polyneric nenbrane-form ng

matag rirasliding oome fisee soraprpingtagnliexetagalge pol ymer .

(b) forming at least one layer of a swellable polymeric membrane-forming material over.
said core fiber; and

(c) contacting said at least one layer of the swellable polymeric membrane-forming
material with a swelling agent, so that the at least one layer of the swellable polymeric
membrane-forming material expands and detaches from the core fiber; and

(d) subsequently removing the detached core fiber, so as to form a hollow fibrous
membrane separator having a bore side and a shell side,

wherein the microfibrous fuel cell structure comprises (1) an inner current collector, (2) an

outer current collector, (3) the hollow fibrous membrane separator, wherein said hollow

fibrous membrane separator comprises an electrolyte medium and is in electrical contact

with the inner current collector at its bore side and the outer current collector at its shell

side, and wherein the bore side of the hollow fibrous membrane separator further
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71. The nethod of claim®69, wherein said swellable

pol yneric nenbrane-formng material conprises a
w@eitioemso- sul f oni c- aci d- based pol ynmer. 72. ThRCTES10081041148

of claim71, wherein the swelling agent conprises

wat er and/ or an organic solvent. 57
comprises a lumen allowing passage of fluid therethrough, (4) an inner electrocatalyst

layer coating on the hollow fibrous membrane separator at its bore side, and (5) an outer

electrocatalyst layer coating on the hollow fibrous membrane separator at its shell side.

66. The method of claim 65, wherein said swellable polymeric membrane-forming material

comprises a proton-exchange polymer.

67. The method of claim 65, wherein said swellable polymeric membrane-forming material

comprises a perfluoro-sulfonic-acid-based polymer.

68. The method of claim 67, wherein the swelling agent comprises water and/or an organic
solvent.
69. A method for fabricating a microfibrous fuel cell structure, comprising the steps of:

(2) providing a core fiber comprising a solid material;

(b) forming an inner electrocatalyst layer over said core fiber;

(c) forming at least one layer of a swellable polymeric membrane-forming material over
the inner electrocalalyst layer;

(d) forming an outer electrocatalyst layer over said at least one layer of swellable
polymeric membrane-forming material;

(e) contacting the swellable polymeric membrane-forming material layer with a swelling
agent to effectuate expansion thereof, resulting in detachment of the core fiber from
said swellable polymeric membrane-forming material layer as well as from the inner
and outer electrocatalyst layers; and

(f) subsequently removing the detached core fiber, so as to form a hollow fibrous
membrane separator having a bore side and a shell side, with the inner electrocatalyst

layer at its bore side and the outer electrocatalyst layer at its shell side,
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70.

71.

72.

wherein the microfibrous fuel cell structure comprises (1) an inner current collector, (2) an
outer current collector, (3) the hollow fibrous membrane separator, wherein said hollow
fibrous membrane separator comprises an electrolyte medium and is in electrical contact
with the inner current collector at its bore side and the outer current collector at its shell
side, and wherein the bore side of the hollow fibrous membrane separator further
comprises a lumen allowing passage of fluid therethrough, (4) the inner electrocatalyst

layer, and (5) the outer electrocatalyst layer.

The method of claim 69, wherein said swellable polymeric membrane-forming material

comprises a proton-exchange polymer.

The method of claim 69, wherein said swellable polymeric membrane-forming material

comprises a perfluoro-sulfonic-acid-based polymer.

The method of claim 71, wherein the swelling agent comprises water and/or an organic

solvent.
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