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PROCESS FOR MANUFACTURI NG M CROFI BROUS FUEL CELLS
BACKGROUND OF THE | NVENTION Fi el d of the Invention
‘&@Qm&)lﬂ'—i@ s invention relates to nethods forPCT’U52003/041148
fabricating mcrofibrous el ectrochem cal cells,
.specifically fuel cells, by using a renovable
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t he n1crof|brous fuel cells to allow passage of

fluid. Descrip 02] The
m crocel | tech ogy |§ﬂﬁﬁsc#ﬁ%§§n€%h1b Pat ent Nos.
5,916, 514; 5,928,808; 5,989, 300; 6,004, 691;
6, 338, 913; 6, 399, 232; 6, 403, 248; 6,403,517; 6, 444, 339;
Fichpdthg iveBiof81, all to Ray R Eshraghi. The
m crofibrous cell structure described in these patents
[0080nPirs dnventien|rleigs i pistipdss for Jfebrigatisg miFtofibrogsi @eptrochemical cells,
el ectrochem cal cell conponents are associated. [0003],
speqifienlly st este iy MERRYre RSP lgHb IR meterial aspBiepari fopgddijional coatings
describe a mcrofibrous fuel cell, which _has an .inner
t ereizﬂa Vit S%Teme&bﬁﬁubsgatﬁeﬁﬁe’awsr%ubﬁeaﬁgﬂyrf@ﬁwgweﬂ%ﬁ&%@dF e
taipin Iectrol medi um an outer current
m“’E foé‘%g‘ﬁlrcgnsafﬁ g'rPanﬁ’FFeqvf%ﬁlﬁd outer el ectrocatal yst
| ayer on the inner and outer surface of the nmenbrane
separator. [0004] Such mcrofibrous fuel cell further
Descapiion btbsReaiedhbngat ed | unen within the hol | ow
fi brous nenbrane separator, which provides a fluid
[OOQi’étThet wicadcklbviechmdogpas sérgeibod iwilY.Be PaténgelNos( §u?dﬁs5 14355 928,808;
hydrogen or nethanol) or oxidant (such as oxy The
53%953@ 081 .38 P.88% 83882331 6.403a8F §ABA1L7; Mﬁﬁ?ﬁ% and 495,281, all
essential for the_m crofibrous fuel cell to properly
to Rsg % Sptmashi- sTheasgfiorpps rel sieiehe deermibed %ﬁhesepw&ag rcpvpmwshoﬂow
2004/ 067259 PCT/ US2003/ 041148 0005] Coqyentlona
fibeppiuRgtes Wit Fhicl Hpqtechemicg! o6t RAmATSGTS assroatafg fuel cell
with the required fluid path involves formation of a
hol | ow fi brous menbrane separator by extruding a

[0063? nlee A Sementioned Eshraghi patents specifically describe 2 microfibrous fuel cell, which
has an inner current collector, a hollow fibrous membrane separator containing an electrolyte
mediwm, an outer cuirent collector, and an inmer 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 oxident (such as oxygen). The presence and clearance of such fluid

path is essenfial for the microfibrous fuel cell to properly perform its cnergy—_generaﬁng function

properly.



form ng polyner through an orifice of an extrusion
nmold referred to as "spinnerette,"” either before
insertion of the inner current collector, or
WOnRGMhERR | y around the inner current CO||eCﬁé¥ﬂBﬁhymuym
liquid or gas is blown through a bore-form ng tube
|ocated in the center of the extrusion orifice, so as
[0008] Chroemtioaallmetteds fat fahticatitghacl miprafimusmdiebeel vethshpamated fluid
so formed. The inner dianeter of the hollow fibrous
pathranvolvan érwesppardtaoholiow Hirdug midmprang separator fognextrivingoy thesmbrane-
dianmeter of the inner current collector, therefore
forming pplprgerdhrbaghiag opficervt provxtpiwisagéredired tougs Sspingerptte,” either before
t heret hrough. For_nore details of such conventiona
nsepienHd, gy inmgpeure goligetar, oqn‘a)p@ﬁ'pnﬂm@@uncgﬁ;g ngergyent collector. A liquid
5, 928, 808; 5,989, 300; and 6,004, 691. 0006 However ,
or ga iSHblQVB et ahoas- ﬁoym%‘iu]%]ﬂ%ate&@b@ﬁ gengs o er@slfuﬂgp 1>rrft$a| sgasto

ordhg ooty @5@@% B 20t it el o
f t th
S P RGP 3 g?‘h Fubeger Saaen g g ther P peliector
the: anre lre%rﬁ%t 2 I artgtfo sﬁg (g?fgu'ui) Xltelstll'll%"ethrgl%%ig glgo§: %desfal{s of 'such
conk%%{h %%th&d& eseé Jhé‘tjds fﬁénPNX\ﬂ 5 Biéhﬁ,g;%k b 5 §§§§do%? 6%4 4,691,
the nme é

rane separa ["eterious
force applied to t he nenbrane separators before the
menbrane separator wall becomes fully solidified.

f0obd} Q@%}ev&h IR chlVelifohly SndidddHa dntik B0 REGH of B bR Buknen-

to provide easier and faster ways to produce
foriih € bdhid, RhRK S 4 M8l ardiehin®t probilldsulicichd Rpsdit d@s&né@ laerekaeien fused
the required fluid path therew thin. [ 0008]

by Mred\ats dirhe teonMeficiunRbrossed. NTUESef6o, r thé ABIdwC AlirbiOmériteane
mcrofibrous fuel cell formthe inner el ectrocat al yst

sepdratyre iforeed b such intstHotiameosidiey frovh tlat dphie, WittH @frs tolbidkige of the
menbrane separator via co-extrusion, or after the

lumbro by Hevilbidipetusithire sori b eecimp af Hit owcnihase sdpppiady dipcte rleleterions
formed. The co- extrusion process is very conplicated,

extegptifordsepplied de the neptbraoe sparhiprstbefaredthe rembratd sgparftorowadiumcomes
menbrane | ayers formed by such process are al so

fullgsobflied to significant deformation, due to the fact
t hat such co-extrusion process prOV|des little or not
support to the newy-formed inner 2 WO 2004/ 067259

US2003/ 041148, el ectrocat al yst and hollom1f|brous
SRRy 8 A cosaring Beed SHpT Bt e Progidr grsier et ways to produce

m&o?ﬁ%s&éda@ﬁﬁ‘%ﬁﬁﬂt*ioﬁ%g PR e IS T atieg,

- but

~ [0008] Moreover, the conventional methods for fabricating the microfibrous fuel cell form the

" immer elecirocatalyst 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
during the catal yzation steps. [0009] It is therefore
w0 20RjoeBEe Of the present invention to provi dgcPus2003/041148
substrat e-supported process for producing the
m crofi brous fuel cells, in which an inner
cleetr@ahiya cait aiojist fitlayar medRartaelafdrs Stforel @nplie edliddication thereof.
renovabl e substrate, and a nenbrane-form ng materia
Subsmyent dalykagionet the rhoBevd ibreusppoiitrae sipiraiul ¢hndt BAIQ lcomplicated, but
el ectrocatal yst | ayer, wherein the renpovabl e substrate
alsg amvrepes tha lvsle glidodking the eguoineé duitl ath oviitrint dneh hadlgwifibels membrane
fluid path within the nenbrane-form ng material |ayer.
ser@ijitsh durng P ontelyzationigigper t ed process provides structura
support for both the inner electrocatal yst | ayer and
the nenbrane-formng naterial |ayer before conplete
solidification thereof. It not only sinplifies the
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e steps rous su

sub%grar‘ré'-'&hg%@ﬁl %‘3@%{ I%rgh%% sﬂctdr% gw?)t;)or? REplik ﬂl‘é\{lﬁlg{'/ gercﬁ'gﬁ_ﬂﬁ%tqu%r and

mat er | ase,; coating a

the FRIBFANRIARE HhiRfel T et cofBRle sbiltBtchida RS £ SRS bhig snplifies
structure; "and (c) subsequently renoving such

the 0BV RS cBHRSHbRES bitBlse hoRbean@PinBPovbOthé Qﬁaﬂg%f Rl hi®¥hibrous
|

fi brous nenbrane separator having a bore side and a
fuebdatd fornsld @@reb 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 separator,
[00WH eDervbjseie mdlrdbdntages 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:

(2) i)roviding 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

(o subsequcntly removing such removable substrate material, so as to form a hollow

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



fi brous nenbrane separator conprises an electrolyte
mediumand is in electrical contact wth the inner
current collector at its bore side and the outer
worbRmkee! | ector at its shell side, and WhgEEighobIR114s
bore side of the hollow fibrous nenbrane separator
- further conprises a lunmen allow ng passage of fluid _
t hereéteteirobgiicrofiiiousiel icelhgctade eabpridedl ah ks cukr@yt@bllector, (2) an
coating on the hollow fibrous nmenbrane separator at
i t s dutsr erehide]lectnd3) 63 hellhwililt@s membaod sepaabn s tin lsagheiollow
coating on the hollow fibrous nenbrane separator at
i ts [l membrdes sep@AXpmiftines sotl¢ctiolple asdiumens v etectrical contact
substrate material of the present invention provides a
sol ivth temingse cyiteallagia abfts band fifecdnd the auise branrbicallector at its shell
streg}gth for the nmenbrane-form ng material |ayer
coat’fy rdhwpuen thes Bore vife ofulen hedavbifibisus frsminiapgy separator further
material |ayer can wthstand external forces durin
t he “OHRIRGT %@Wiaﬁgww geseags of fipid iharstigouintsy 4m dngi plpctiogatalyst
not .yet St?' i di fileﬂ. ?gch sol i d- phase remgvabl e
subdPPaTa R 7 BoflOW EoroH R aRR SPReIoE AP grer tes B Depn outer
[ u al | .ow passage,of .fluid therethrough. Since
t he Cisgftesti b SERE LB hollo Sbpsmeygie a4 shel side
renoved only after solidification of the nenbrane
wal I, such lunen is well protected agai nst defornation
[ i I br.ous_ ..
(0013 PO sl P BAS UG BUARFSPee Mitey Bt bloRB oo

rane separator forne

136 SRttie bRk LR W i
P pat h vvi? h few c;cr ﬁ%agg%lgfra{sggloft&:@é (%%?3 igi’ e Igétlﬁﬁ% gl g?ricaated

thePl3A SO thad Suck SQEhbRGE-Rifing SlaRFis 14yRr LRSyiBkiAlEex@inat Bfces during the
materi al used, as being a non-liquid or a non-gaseous

matiEth@iring proddss, MAeThé LR AR @0kt sUkdBkd. 24P SN hdsE removable
pressure. [0014] Anot her aspect of the present

subafpgd incadriaD s selsajzaslyt @mavedeton &@mf Oruhab hilemhi NEssAge of fluid
m crofibrous fuel cell structure, conprising the

thewthequgh.of Sinea Yhep padidipblise gre@owvabla nebstatsr metartial Cio| de@otedr odf  after
a mcrofibrous conformation; (b) form ng at | east one

solidiipetion of the enembraid walk sisb thrraends welt wotecitd ageigst defoemadtion during the
current collector; 4 WO 2004/067259 PCT/ US2003/ 041148

maBctyigy giosefs-afhe hlley Eras tmepbena bepemtor foymed by the meetiol of the

at |east one |ayer of renpvable substrate material;
present invention therefore contains a clear fluid path with few or no flat spots.

=t

: [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

el ectrocatal yst | ayer over the nmenbrane-form ng
wab&loahsd ayer; (f) renoving such at |east pREpdB05R%1148
of renovabl e substrate material; and (g) attaching an
outer current collector to an outer surface of the

out &) el Behing A timkydéctrotatiyel layes ovea Sudhut least hé Bger of removable
m crofibrous fuel cell structure, which conprises (1)

t he i nnesubstratk roai¢rat; current collectors, (2) the inner
and outer electrocatal yst |layers, and (3) an holl ow

fi bf®us fonming e anebsephrmitgmaiéral med oy thetmer electrocatalyst layer;
menbrane-form ng material |ayer, wherein the holl ow

fi bfdus PERDE ametss elseirogatayst bmpvqr e snembrant-focningingteral layer,
medi um and has a bore side and a shell side, with the

i nné  cuierering sish pidessione ayr of oVl eybsiatemseterisk 43| v st

| ayer at the bore side, and the outer current

col (Bct ofttastirg anwtes pirisht collesior fogaauist grstics of fhsroutsk clgcigeatalyst
shell side, and wherein the bore side of such holl ow
fibrous #&fbrane separator further conprises a |unen,

ot i f°ff'%qfshr5§1“ﬁ3§}ﬂﬁ%2f§%§@ gty Pirenes (1) e gtye o ovter
Lo Pt oaecfERS, A g HERE el AL B BRRP N il %1?'1 fiw ferous
lgi{nsﬁﬁ%ﬂ%}%%%%?&gﬁagf&g e AP nld ARG e hotlow
[ O35l S 06 hBRAHE Db i o

m cro I nst ea such

subgkii & wWHPRO h&dulEh RAMeRMI e whdle eytddﬁﬁﬁt fla‘%r at the bore
productlon of any m crofi brous electrochem cal "cel

Whegi@), ihdahd duide Burkedt doBEr RIOhd Qer PBGRBARY P faydr hithdlshell s1de and
therethrough Such nicrofibrous el ectrochenical cells

| NCvkeien tHeUoreaki@e B0fuch héllotvefibréu  mdnibedne G&latafor fWMkEEomprises a
el ectrolyzers, <chloroalkali cells, etc. 5 WD

200d4mes %28 1Poihdd$R a8 valAT idlemdvaiild Albstfdnemetérial, @y allaw passage
still further aspect of the present invention rel ates

t o of fim@ttheoethrbggh. f abri cating a m crofi 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 ¢ells.

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

chloroalkali cells, etc.



(a) providing a fibrous substrate structure conpri sing
at | east one renovabl e substrate nmaterial in solid
phase; (b) coating a |ayer of menbrane-formnm ng
Wob&ilogdasover the fibrous substrate structurgepeabhoa14s
(c) subsequently renoving such renovabl e substrate
material, so as to forma hollow fibrous nenbrane

[0EEP Thatfofe, NaNi ftheRaspRt 6f thd B e tledtion aitls t6 h @RthodVbe FBlidating
the mcrofibrous electrochem cal cell structure

a rgiaaPbrbgekctdbhentitnl bdiretcnet, eQhprRHE at ledsAhe Sdps 6fIt er
el ectrode, (3) the hollow fibrous nenbrane separator,
whel®i n siaeiing o fibrove substrhie etistuneitipEsie 25 Bpd b remhovable substrate
conprises an electrolyte nediumand is in electrical
cont act moajetidl it dokid phaseer el ectrode at its bore side and
the outer electrode at its shell side, and wherein
t he(Bor ecastinga lafer pfrecuibuing-dwning xatseigl overrilr Ehnats sehsatatioeture;
further conprises a lunen allow ng passage of fluid
therethr#¥gh. [0018] Still another aspect of the
present |nvent|on relates to a nethod for fabrlcatln%
a [ cr ofiPEHyEy Fegering @ch regpyable ybsirate angippl 9 a5de fpm a hollow
| east the steps of: (a) praoviding re fiher
conpri si RFO% SRR TR haying 3 poye Fe mEelfidheast one
| aye Félnenbrane form

i Ehrdh GURFOTYS BsPE Y R Rl Q227 mgerelieode
n‘t;z as touton?eotrgééeh%ag htopoe %bro?%nqgmbgang Qérn?or x%heﬁetm such hollow

ane-tormn eri a I'Ng ‘age

ngbrgﬂem%{‘)b#rﬁg %gatara%p go %{ec Cfbﬁaﬁlgﬁ%ré t%g(%: ﬁ: if? gll %Q%{ })ocfltact

rane- mat eri'a expan

th Cwhi e He@ ClectrddP % {tg i)or§ léﬁ;? %ﬂ(? Bt AuYer ei%g%b\él\l;:vll? tﬁ) Qfell side, and

det ached core fiber, so as to forma rous

MeNPERAR S BRBERL ik 1P EbBus B 82206 A B&hrises a Tumen
side, wherein the mcrofibrous fuel cell structure

CONPlolw&RPadsdge oRfluid MBGhroakH. r ent col l ector, (2) an
outer current collector, (3) the hollom1f|brous

menbr ane separator, mhereln such hollow 6 WO
2004/ 067259 PCTI US2003/ 041148
[0018] Still another aspect of the present invention relates to a method for fabricating a
microfibrous fuel ecell structure, comprising at least the sfeps oft
(a) providing s core fiber comprising a solid material;
(b) forming at least one layer of a swellable polymeric membrane-forming material over
tﬁe 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 polymetic
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 collecior, (3) the hollow fibrous membrane separator, wherein such hollow



fi brous nenbrane separator conprises an electrolyte
mediumand is in electrical contact wth the inner
current collector at its bore side and the outer
wohiaak7se! l ector at its shell side, and Whesgidodg114s
bore side of the hollow fibrous nenbrane separator
further conprises a lunen allow ng passage of fluid

t herfibtdus awghiand dparaor dompréses &l detrolpRahadluysind id @ ¥REtrical contact
coating on the hollow fibrous nmenbrane separator at

i ts vibyrtke Dhatepmahchliedir ahits bue Sde and |fiecduted cateal apfléctor atyies shell
coating on the hollow fibrous menbrane separator at

i tssihelid yheen hobae]sidthe the twllovs ibiona lembpod yepemioc further
menbr ane- fornlng material” as used herein refers to

any COBRspR dyreen AlipHing Ressdze 0T theretroughl (4) hatinner electrocatalyst
under goes vol umetric expansi on when being contacted

wi t PRV <Oing ke hodew dbroppporyantisepatator g tsshwed siderayd (5) an outer
agen# as used herein refers to any liquid or gas that

i nt SFgracaalyit {agergoating p thehqllow Hboys laﬁ@zrmrsmaw@r e ahe]l gide.
and causes such material to undergo volunetric

expansi on. Such swelling agent is preferably aliquid

oG8 45 e P gl pRomE Pedip R P eaaorﬁéégo any

fabri n roflbrous f.ue
POIglgr UC@%&Q fgrg'ﬂn Ingal?eﬁaﬁﬁtt d%gscs Vﬁ?gle@f g}gg.nsb@ h(e)égemg contacted
Wl@gg%élgﬁé}&erﬂ core fi ber conprising a solid materi al ;
formng an inner electrocatal yst |ayer over such

core fiber; (c) formng at | east one |ayer of a
swel | abl e polyneric menbrane-form ng material over

[oobeThd Rk “HNeBiBk ﬁ%ﬁ@'a@h@é& herbif Y&E 1 A5 11600 8 BY tﬁpm%'cﬁ
el ectrocat al yst Tayer over such at [east one |ayer of

polgmetcl rﬁdﬂib&me-[ﬂdﬂn)ﬂgﬁfateﬁalméﬁ uch @faftifl 9o HRESS krﬁ{xmetl(uﬁéxpansmn
contacting the swellable pol yneric nmenbrane-form ng

Sudiatveltingdgehtdyieeferably hliquidsoRtdt) sngh asa@RNér ah Orgefif enlentat e
expansi on thereof, resulting in detachnent of the core
fiber from such swellable polymeric menbrane-form ng
material |ayer as well as fromthe inner and outer

[0021] e¥eir o éathant gapect|adythy greseain thvahiiD @8 )6 2@BSd for fabricating a

_PCT/ US2003/ 041148
_ microfibrous fuel cell structure, comprising at least the steps of: i

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

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

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

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

_(e) contactfng 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 ioner

and outer electrocatalyst layers; and



(f) subsequently renoving the detached core fiber, so

as to forma hollow fibrous nenbrane separator having

a bore side and a shell side, with the inner

Woosdsoeess al yst  layer at its bore side and pERuQHsRI1148
el ectrocatal yst layer at its shell side, wherein the

m crofibrous fuel cell structure conprises (1) an

i nnef) absegently cahdvingttbe detch}d asre Rde @6 a6 Ub ITQAL a hollow fibrous
collector, (3) the hollow fibrous nenbrane separator,

wher ei mershreds shmiata\havidg divocusdermdr slah @ids ey tiat ibfer electrocatalyst
conprises an electrolyte nediumand is in electrical

cont acleyer wii itsfyore ide ndrifEroutsuslecmeatatysl Ihyecat ds shali sitld,s bor e
side and the outer current collector at its shell

si devhemidhspigiofibraus ha cgbsicteri dunpiest Han frokd comerft cdllegors (2) an
menbr ane separator further conprises a |unen all ow ng
pas SaFecwEntaelscipnt (Beheholion firus paybmsrsepassiesy wherein such holiow
el ectrocatal yst layer, and (5) the outer

el edPr8t %P%Pfﬁ@tsewé%ﬁ@rcﬂm{’mﬂ el pligte mgdismeapd is lﬁéktvta?aé gontact

and 0] he invention will be nore fully
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[00%?& gg%%%ugﬁﬂgcr&gca Sﬁgegucr oss-sectional views of

substrate. st res of different

enbodi nents, each of which is coated with a |ayer of

menbr ane- f or i ng material. [0025] Figure 3 is a
[002210 OFres RHdoksO feturel bR PntaBesht HeQPRnitcR 'wild O thdfel {0 Sparent from

hol I ow fibrous menmbrane separator, according to one
the@nfuogidEBIbiureind bpenden esi@Rt | nvention. 8 WO 2004/ 067259

PCT/ US20031041148 [0026] Figure 4 is a perspective

vi ew of a process for producing a hollow fibrous

menbrane separator with an inner current collector

t her ei n, accoBRIBODEICRIAHOR MO UHRPRAVINGShe present

i nvention. [0027] Figure 5 is a cross-sectional view

of a fibrous substrate structure coated with a | ayer

menbr ane-form ng material, according to one

[Ooﬁ}bﬁélﬂrﬁé 6 2 FRrspdstivepyievs eh e Dogese fiari roerlucing a hollow fibrous memibrane

separator, according to one embodiment of the present invention.

© [0024] Figures 2A and 2B are cross-sectional views of two fibrous subsirate 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, gccording 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
with an inner current collector therein, according to
WoeoRWens ment of the present invention. [0@e8ksr003/041148
Figure 7 is a cross-sectional view of a process for
produci ng a hol |l ow fi brous nenbrane separator with an
(0026 Eiguedl4 LD ber§Rbtlve Gle@r oft ek for PRI NBollo® MRGHs MRmbrane
enbodi nent of the present invention. [0030] Figure 8
sepasat@ IEDSS inB@ Cluifrath @bllevioR Viefdn, accptdngas Sndé ebdaiRsiti6f g piesent
hol | ow fi brous nenbrane separator with an inner
ineuticeent col | ector and an inner el ectrocatal yst |ayer
therein, according to one enbodinent of the present
invention. [0031] Figure 9 is a cross-sectional view
of a process for producing a hollow fibrous nenbrane
[0& & FigureoT iswi argss-sagtignahdew olip fibrots sibstlectromtyre apatddrwithra layer of
el ectrocatal yst |layer, and an outer el ectrocatal yst
mempase-fonging arlirtgpcewdingie cantrailimsaitof B preprat iprangemt
invention. [0032] Figure 10 is a cross-section view of
a mcrofibrous fuel cell structure, formed by the
present i nvention, 9 WD 2004/ 067259

od of the ) .
ngr%@%@cﬁo‘éﬁ GErHgiongltryst apresgisdorproduginga peljogrfileqys gmbrane
view of an_extrusjo rocess for applying an.
serfifi oG Sofesapen POl B Py <PtFIZE oy Py Bt of the present
in%“ LED DESCRI PTI ON OF THE | NVENTI ON, AND PREFERRED
8Dl MENTS THEREOF [0034] The discl osures of Eshraghi

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;
008914 03ura ¥ s a SroAdetRR vied U aQr b9 5 dﬁég§“§h§1 B0 b
[ Pg?ent Aiﬁlicat?pnsvﬁo. { (igg,%g%)an : ? ,g?§n§?5mne
sepk2foP WRRERINGE DRER balehr th&LiR! RO Eng oMndthe chbodiGSR SE/hb ¥iRsent
entireties and for all purposes. %0035] As used
invBRiel 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 a2 hollow fibrous membrane
separator with an inner current collector and an inner electrocatalyst iayer therein, according to one

embodiment of the present invention.

[0031] Figure 9 is a cross-sectional view of a process for producing a hollow fibrons membrane
separator with an inner current collector, an inmer elecirocatalyst 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 mcron to about 5 mllineter, and nore
preferably from about 10 mcron to about |
millimeter. [0036] The present invention utilizes a

wohidnphase renovabl e substrate material, fopefpsahiidiias
a lunmen inside a hollow fibrous nmenbrane separat or

for a mcrofibrous fuel cell. [0037] Figure 10 shows
[063BE Fla®ig i€ Bt sle@ bf & oRinGloR R8O W3 afiihe &SEldlitional layer of
structure, ich includes an inner current collector

matedial e B thiriRf. el ectrocatal yst |ayer 102, a hol | ow
fi brous nenbrane separator 112 conprising an
el ectrol yte nedi um (not shown), an outer
el ectrocatal yst |ayer 122, and an outer current
col | ect or 13RETAMEDMHSCAWTION OB TSIEMSVRENITGN,Separ at or
has a bore siAND BREFERREDIEMBORBIMENTSAUTERHEQF t he bore
side contains the inner current collector 82 and has
the inner electrocatal yst |layer 102 coated thereon,
[00gHId Thvhdisckoisurey dfdskahgll U.SsPajestsiNg. §,AlGCTHAL 2928, 808;t54PSH,BE); 6,004,691;
outer current collector 132 and has the outer
6,38%. 813t 63802331 403 P4y 610397, oHLEY 1t 45381 29 weiDas U.S. Patent
2004/ 067259 PCT/ US2003/ 041148 [0038] The hol | ow
APPIF“'B‘FQS'@ NordREBRME suhH¥2BE7! asniproraaied Rergin ot Febigpee in their
ium which can be either a liquid electrolyte
res?FéﬂYeL?Hﬁ‘IB?esén%W%P“&Déeét rolyte medium Preferably, such
electrolyte nmediumis a solid material, such as an
I on- exchange cerami c material or an ion-exchange
Mor referably, .such el ectrol yte
00f KT Sl 3 G R B Bop e e T afiph areross-
secﬁon‘li@é#ée?;&laélg e%ﬂ?? da%gr s ﬂ”{%ﬁhn%outofo nn%ro%o% g . 1& Clﬂ?igtgr preferably
frmg gﬁc{}lg H-{I?%n 2 ggosogﬂg ﬁ]ﬂl?Hle‘t"er aaﬁ!i go&%?e@galﬂ}pfré(rﬂ El;o%t 10 micron to about 1
mﬂg@&&[uorocarboxyllc aC|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] OTHeGr&ént Silehtthnaltifiedk h Gl Rad¥aethsiable MM:REH alaReall r forming a
m cropores of such nenbrane separator. More
Tumpr iafiés alivlilyw fbleas ahbrae sépafatonfns 2 Mpdibaefisibenr ator 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
[0037h &'igreisy shores thebasicxorfenenty of v irdkireftprass fusbeell sbctige phoh includes
and the electrolyte mediumfor carrying out the

a0 EneEonret valicten 82y ambriroticcrerialygl lavsr 9025t beflowpfbrous 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 & 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.
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exchange pol ynmeric nenbrane include the Nafiono
menbr ane manufactured by DuPont at Fayetteville, NC
the Flem on(r) nenbrane manufactured by Asahi d ass
WOy 2 Tokyo, Japan; the Aciplex(r) nmemFge®oosnaids
manuf actured by Asahi Chem cal Conpany at Osaka,
Japan; and the Dow XUS nenbrane produced by Dow
[003RE The RdTloa! fibhMud hidiBlrandVeparktB0c3Rbrist &n HIHBlyRl ki@, whid® can be
hol | ow fi brous nmenbrane separator further contains a
either AEuid leleot-viie Gledihd GVE sqlid Sfca@dyte fnefibmi dpréfuably,( Stic Hed@Slyte
hydr ogen and net hanol) or oxi dant (such as oxygen)
metliner 8t heeidghaterBiicéuch usen iSilexplizayd cesmia hatdiall opad Hontdreltange
is essential for the microfibrous fuel cell to
polpmedcomaterial. s Mereprgiprabignerctatleatrglyfeumdiumois 2 saliiolHembkeagg @olymer
of such lunen 91 can deleteriously affect the power
(L.epaitiien p paiiogie exrhangg eplyfheralr 2nalidnic geuRpolymer) prlevtd ditom the group
i nvention therefore uses a solid-phase renovabl e
consigling reft everfrraspbet-suifoni¢-prid-hased ypohmetsu pyolysmbionshassd  polymers,
desi gned for such lunen 91, while a nenbrane-form ng
Perﬂ'e&r%qaibawhpﬁvéwbaﬁeg HolymeRse SUERe vIE-teReommlipaic-aqidsbrssd @alymers
such soli d-phase renovabl e substrate materia
andd aweﬁfgblv%nsﬂ%%d PPWNErS2 0047 detosd p@ﬁr/lvmm/ Beayagmay be
manuf act ch as coatin ng/cur n

ring.ste
TCKIHORRPS: ¢ i %ﬂr ‘Engﬁlflo THEARYe R er ’flsn“mpgfes of such

hase subst,r

d,
mcmgrffnéer se%ﬁra{% S%tolhe é)ﬁef%faéqué g}{e ]icrw Ihbrr%uwegaa e sepad'?t% 3B Hsc% a solid ion-
excnzglﬁ% MLBRAC %hgﬁ G&EI%T f%g%%gifﬁ%‘%[h soh {(1)1?- )I;] 'Fl]ngs \{JVBIfaI%IH rop H30lid

rane séparator € SO

ion!eSdIRY; ggggﬁm%ﬁ%%)@ﬁcﬁs g@tﬁ er th en%ran‘é tﬁﬁam %dﬁ%\ﬁ%&hﬂaﬁﬂpport

provi a So core strengt

andWHé Q84S HRAME S, BY Qﬁﬁ%%ﬂi th€ a@&aloéhgmfa& Rt 180abled AY8Sion-

various material's thereon for formation of various

excﬁéih@‘@ PORRkS ffembAfe McEHO filONRER® fitelbrae8 | hanShEied By EDuPdS: at
descri bed herei nabove, and which preserves space for

FaystivRR ANEN the fTUniTol® afdmBiandmedu@aturdd| byl AkapiatRss Qompahke B Tokyo,
m crofibrous fuel cell structure. The renovabl e

Japs) s tAcil e @adngirana lmaah faur@t VA sdif ChasidaltGoatpady at Osaka, Japan; and
cushioning for the nmenbrane-formng material |ayer

the BgaiXiBStmepdtan piodhcebbebivaGendebatMidlaendilng 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 rbareuside @frfée beibper fihrps magupprenp [senetator Sirdhess ggngeins gy lpmen 91,

as net al | a
which allows passagg of ﬂmd 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 enerpy-generating function, and blockage of such himen 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,
i.e., by a nethod that does not renove the basic
WwonpRRenEs or parts of the mcrofibrous fuepcggédoosodiias
structure. For exanple, such renovabl e substrate
material can be a sublimable material, which is
mSnRbirRbs HREaY cosipldryimiduany. come itk hﬁﬁﬁmhmtrmﬂ@mﬁtaﬁal layer is
affect the basic conponents of the microfibrous fue
suffRlehthSdolitiGibd) h sGildqihasa Sublsiige MBI isatheh OMéREly Edtiov@th form the
~collectors, the inner and outer el ectrocatalyst
hollaw gfasg oraliedurhdaed 1 thin thw hbildwr fitueus iRpbfanepaapdanat or; it
can also be a neltable material, which nelts under
melting conditions that do not affect the basic
conponents of the mcrofibrous fuel cell structure;
[0 Tihe sadidphise remogableshsaatermbtendl af the puientineaipnlpevides a solid core
di ssolved by a solvent that do not affect the basic
of highpeashanics] ength eviighesreroith pubspgudng epating bf additiousd fayere of various
0043] In a preferred enbodi nent of the present
mateigla Weron fordoramtionerfrynianys eomaepts ¢fttee wrigradipiopy fupleelh structure, as

squQ@e naterlal such as aci d-sol uble materi al
deserihedBereinglpoye 2ad whiphsprpsgves saacgsqs.s@sgcﬁmr&ww%oa|o%ﬂﬁar fluid path in

t.er ter-saql uble terla
su dﬁ&fP%@f?%@glrf S50 3716 TR LS Pvesies m?fﬁmgb alggyprgvides additional
enho t. resent ti,on, C
cuflofiog e %%-%&ﬂf*%e e et g S8 Ryl D 1 bending or
[ Since water is a renoval agent
&%5 quﬁﬁﬁﬁd% ngpnvasive to the basic conponents of
t he n1crof|brous fuel cell structure, use of a
wat er -sol ubl e polyneric material is particularly

[0 (ﬁﬂ' TROk R0tk sﬂfs@ﬁé fn&ﬁ*la%f tﬁJ}ﬁesQﬁt%ﬁz@ﬂfon AVRNL) Qfable Iﬁaterial that

Mor eover, use of water as a renoval agent 1s

is 18Qsitd ﬁfaﬁeeeﬁ trédﬁ?teﬁ]?&atﬁx@\éhd QREAL Aok HeMsure &%é«] mf-:lmeglass
wat er - sol ubl e pol ynmer used for practicing the present

cerdnbiv, Sl ﬁﬁ,nprbﬁds’ﬂl’tﬁat nadhUk@brialkan BY E\Iblé@hén@ RRTRI Selective
material that is water-soluble and conpatible with the

maiit, @&l byt smsthibbBajdesinoyremo@aheithsio Bothibnedeortdsdfiiat icrofibrous
structure. Exanples of such water-sol uble polyners

fuel gl Istrebdurg oF oy wkamyple, siply raneldbifombspate palteyial day be abubtiails material,
pol yet hyl ene gl ycol s, polyethyl ene oxides, acrylic

whigle iS@Ubljynpﬁélﬂ uekdr svblisatiendoedifias yhak ds not mifka ithe: tasihyulipiogkats of the
.type water soluble polymers, poly(Nvinyl am des),

mic fu? eeHisaessire, pl@qh}aﬁ e hx}aprmé owfenayrent collectors, the immer and outer

pou§é {drox y-et hyl nethacryl ate), polyesters,
cleqyasaatist fyers @%é&%i‘?lmfsﬁbml}ﬁdnwt@wmmre Heopn ‘also be a meltable

ol y(vinyl methyl ether ol y(styrene sul fonic acid
' matgnal Y, hich Xlelts underymelt?ng conglt’mng tha do n})/t affect the basic components )of the

microfibrous fuel cell structure; and it can be a soluble material, which can be dissolved by 2

solvent that do not affect the basic compenents 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,
pol ysacchri de, dextrans, tannin, lignin, etc. [0046]
WO ehaosale of water-sol uble polyners is only ge@iRo@oiiies
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,
pol yvi nyl al cohol, polyethylene glycol, and m xtures
[004k e o f mord/iprederrep repfbedimbiit yof tha pleseniaineention) | skl eenpeodbjaaubstrate
conprises polyvinyl pyrrolidone and/ or polyvinyl
maerriglol o | water f@aiey polFinegia mentetials H¥ines vatek isr wuevad agest thait ie the least
structure 10 consisting essentially of a water-soluble
invasitsstortag kasiveppingits obthe Tieofbrays Suek celludhuetirat wse of r weterrpauble
10 is then coated by a |ayer of nmenbrane- forn ng
PokrRetds TajgriabB pagigniayly spitpbledprprastietotteecprospry dpvertign. Mogegyer, use of
solidification of the nenbrane-formn material 22,
waje s AfpevRL agett indiodh cotiseqlisg wd swirenpental kEndl% r enoved by
i mrer si ng such coated fiber 20 in hot water, or by
runni ng hot water through the coated fiber'20 | eavi ng

| hel | . .of .t he 004/ 067259,
e s S PP o e o
synlthlége DA nlc I'I]nea{enal at qse e!rtsl lg@%gt{c]i c?ﬁ%z%]lbiﬁnmﬁhf (%ena 5 subsequenﬂy

separ a

co ‘L:eldr F“%S‘% gdslrﬁg Euq{:t%lr a19 €5 olfgéc%% g%%leaéwowﬁselgd&é% éjto{}%nyl

rous nenbran separ at or

pyrﬁ:'iHQOrQy J%[yvﬁbﬁﬂgghﬁﬁaf!@eﬁ%’e r!', @M@J]%é}nggthﬁ&esmg %ﬁzﬂ& |a¥1d type

applied "to'th r gus rane separator 30

waiet FOMUIORRRRS, YnaBlic hihy &R IR Cfater | BB YolES! pdd N1 amides),

conmbi nation. For exanple, the inner and outer current
pol%l‘yhs@ﬁ&e@r%lﬂ&ﬁyl&ﬁzﬁh%dlﬁﬁb@ﬂﬁ@]eﬂiﬂaﬁa&ﬁ&ﬂ&ﬁe) fa&yetsdaﬁ poly(ethyl
hol | ow fi brous nmenbrane separator, followed
oxagghpkd) C glolyxy@éthfiir), | Polglvingll ehdifyd Caha), ypdly(stknayee rsulftie acid),
then application of the outer electrocatalyst |ayer;
polg(bthgenzatuifordd woid) pelyfvingke phoaghdric) Uickll polelreticr it siryls teellulose,
| ayers can be sinultaneously applied to the holl ow
profeinppadysacchnidrhdeainams,depmy oy sic. f ol | owed by attachnment 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
[0046d n¥yeh gt of PAgT-2olible polymstsdf Py eigakiyepnddbis met m@e«}ﬁé ﬁmmﬁ@ the
onh specific material and systemrequirenents.

broagaiopen e PRGBSIy HHomn pBHEfE@ i BRR FRIcT &bl RobImeg WEFted from

outer el ectrocatal yers have bege
polyvyny? pyrrolidone, po yvmylyaﬁcoh lyethyqene glycol and mixtures thereof. More

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

| [0047] Figure 1 shows a fibrous substrafe 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 éolidiﬁcaﬁon 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
CELLS, FUEL CELL ASSEMBLIES, AND METHODS OF MAKI NG
wokolaAbRsd the content of which is incorporapegusBsfiyiss
by reference in its entirety for all purposes, to
forma conplete mcrofibrous fuel cell structure as
metgdsgeiftyethghenteininZoeithes Tufndd SD{herSinjisading it a ey rod fmembrane
the solid-phase renovabl e substrate material is
separaifrédPabl y, al t hough not necessarily, facilitated by
providing a renoval interface, which is in contact
with at |least a portion of the renovabl e substrate
mat erial. Such renoval interface increases the active
[0%GsH 1&bm gmen g geer cyrens cqlispiers icanghestfesaquently atthehed togfhag lepllow fibrous
al kali, organic solvent, or water, and therefore
membEAng SEPAPIEESY aiglemncs And oer slgtiropaialysblayut e b pubseguey applied
interface is preferably an open cavity inside

o fhﬁgp ﬂ\f%ﬁ%w%e TABS fPapier i sigiitanpously OF B gHrengs; Rypny order or any
I Lt R oRESR8 ot S SR e
o b0 BB ok S G B o i o e B By

y?r Yé&iln g%t)st &p LERE o%t%r Eﬁ%&%ca@s‘? fa&eqj al%%atlvewq %eellngers u& outer

rous rate ructure ses an pen

ele@itochtRSi SR fcafhd GRRY: a?@&uglysa Rl tPE hglft{\f fiﬁr@‘n!ls &ﬁnl%ran-gllgpmator,

open “cavity 21 1s ongat ed, provi

follo®BD W}y Bhchrhddh @ b QndeP Gid bilt@ teBrrdn® URMEbrs Qﬁerét@ N bﬁ?@k fo@éu@arﬂy
material 12'. The open cavity can be in the mdd

skifldieinl BEan b Seaiid 8dslpatBd bdange @Ss&my\@ro'to@ol fot %ﬁlﬁ‘ac%ﬁmg such
or near the outer surface of the renpvabl e substrate
mick&ibroua $uebdey\Aepkiitliffpl o UpeRifid Bratelifl ARPdystTh eequRrva)
i nterface menti oned herei nabove can be forned either
ab initio, or subsequently formed. Specifically, such
renmoval interface can be fornmed by using two or nore
[00A¥NByaub metbeds Sorrpgplisativatof the dinsr afl/odovidr elegribatalyst layers have been
removabi lity. Figure 3 shows the process of formng a
desprifiefl oy FiSbrisigst deplisetione Noeg8Rs2 i | filedi ang Septdnitior s 2002 for
substrate co r|3|n two renovabl e substrate
"MIRQGELY ]§UE1L2 L GFLIgAPSRYBHIESy ANBVMETHODG OFAMAKING
H% rennvable substrate material 14 (which can  be
T ﬁ‘@ 351 oo ph SRichris ARsAPeBied HerpabTehEEne? ity entigety for all
coat e second sol i .d ase renmpvahl e substrate
P%?Se‘iﬂo}%frﬂy apgmplets microfjpzous ek ell e Hesouken et Beh ve-

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 removabie substrate material, throngh which a removing fluid can be passed to remove

the substrate material.
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the second, solid-phase renovable substrate materia
12'. A layer of a nenbrane-formng material 22' is
coated over the second, solid-phase renovable
wobhedoaié material 12' and solidifies therepfrudbdsiiias
solidification of layer 22', the first renovable
substrate material 14 is first renoved, |eaving an
open cavity 21 inside the second, solid-phase
renovabl e substrate material 12', through which a
[095d hdfigureg2 4 Islarividd thearrofsecqbiass eidwtod arcemed bdrHeviag adidehus substrate
sol i d- phase renovabl e substrate material. [0053] For
strasparpnspated sue fryed efomembeanefanying meatdyist 2241 whanein ewch afibrobid substrate
can conprise a | ow nol ecul ar weight, water-soluble
SR REPRTISCTE QR &#Vity 2A dnsidh of & aerenveble sukiags pbtayé 12’. The open
renmpvabl e substrate 12' can co ises a hig
ca iy 48 AL oneatib pEid mgwaia@rforsadpwm% {Arfedilitate n@enOéal jofifhe substrate
vel such first renovable substrate

Alternaﬁh ,
mﬂFFEP]e’r% -al o PR SH1¥ S PG 18 dhegmiddle ef the Emgmbl bigied? ) as shown in

rial nd t he_second hase, renovabl e
2 P B AR BSTra e PR o 41 VY e 28
aci d-sol uble glass material. 15 WD 2004/ 067259
PCT/ US2003/ 041148 Vari ous conbi nations of materials

B8R 36 LAESETRANE MBS, DS BRTHLS o, o
sulfs@qﬂal\ﬂ? Birkdel Y spectiehlr \;f lg{ﬂﬁ Qéﬂ%vaﬁlﬁi%& L AL 123l %é %)g Pan:‘Pg AR Ienore

nore fthan two reno e substrate materi

ren%'v&lﬁ&eé‘ugﬁltaterrﬁf{ﬁﬁéﬁmf kithedint raﬁovlaﬂﬂg B 33;2!)&3(1&1@%}%&% of forming a

renmovabl e substrate material 15 provi

holRkit 618 SembAY @ SeparhiBr, BV Brduld GlbHEAd co%lﬁﬁﬁ%%ttwo r&ﬁovable substrate
subsequent |y applied coatings thereon

maiefiFIO1Z and 14t 6f diérent thatatilhe Dol ombvibie ﬁdbéﬁé@erlﬁéié’lal 14 (Whlch can
menbrane separator of the present invention can also

be kithenghiid Phasg @O hic-9p1ili-piane flatbyal)Us cdbedabySiWREdna MdoBd-phase removable
pol yneric nmenbrane-formng material, which includes

subgtraye myddriphe’ and the i cemevabrswtistige mBtbel il Ads nichatadinaebgbRShan
vol unetric expansi on when being contacted with a

the W@In‘ﬂ,l sefd-alepen remSable abtiseete xaipilel2’.0f A dwyet bfibl eembrane-forming

_ XHEFIC menbrane-formng materials include
matplaﬂh e ppated @vqyéwﬁ@mé selifcbhere rénhayehlo s tfatsrmateriaki2y arteegkidifies
yners_such as fion. The swelling agent used to

fher&?nf Al tigifprien 9%1%(%%% riveclirggpmayatlonbomteguinl et fraermaeyed,

: nbr ane- forn1=$ material is preferably but not

cevifg e SRR Py 21 dnside i oo sehidhphse symayale subgipsteapatesil 13 through

(H ani c. sol vent .
which & Temoving 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-ph_ase, 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
fiber, such as a netal wire or a carbon rod, dried and
Wgrzgﬂmg-gsj orma solidified polyneric nenbrapermabsiiiias
i's subsequently contacted with the swelling agent to
under go expansi on and thereby detach fromthe solid
Vaibisecofubl@tions BY nfatdhihls Rgh 8d)tise@ MforO8RQFIMIrHEIHE FIFRME Rbsthdle of two
detached solid core fiber, a hollow m crofibrous
ren@hbia@abstataendizR RE dllfféreﬁt@éﬂmdblhtﬁn Buck FHBERE dBtate can also coraprise
processing steps can be taken to forma conplete
mom {hmofwobemomble walstrate datetids ofydifutedn rdvalvhiaiey AsQ61Qf ds larsotidbsphase
menbrane. [0056] In an alternative enbodi nent, an
reniavetde swbbiodt metedd] a3 povidédagtehs owersost [1dyal lie give lstrmburd] Gupport for
menbr ane-form ng | ayer, and an outer el ectrocatal yst
sulisegpenily eppiiebeoatingg therspial | y formed over the solid core
fiber. The swelling agent is then contacted with these
Iayers so as to effectuate expansion of the swell able
meric nmenbrane-formng |ayer, which in turn causes
fﬂoa‘élt dh fretant d¢ netp éha& e ihall ¥ présifiprigsy metmlpypet sqRaren of fesy present
nbrane-formn w%;r as,-wel| as the inner and outer

Vg zPFdé"??‘% foRpdyIroa t sygla ]éIPélé’?’P%cc’&?“élFV@t orming
mﬂ%la%ii Bl Febiby %@3%@‘%%?%{%%%@@&@?%%@5 gt Sohumetis

exmnsmé‘r""hgf‘ é&‘{‘]g?‘%ﬁtg‘ite‘?““g‘t ﬁwﬁy”e’F ag“%tt %“{g"‘g’ eb%‘?@? % é“’%ﬁ‘&l"‘ P% eric
me: Bpm?er—fo Ha%ﬁﬁ% % Lﬁ% 1!) ANEL, ersS hec{ l er bcgce) iR} Ocqézz based
I nher urren ector aﬁ VP ﬁ

poI%H@% Lt o nl ﬁ?cts flm%gg%ntr s voﬁﬁ’r{e%c e £1onctﬁ' Tuch

nserte |nto the bore o ow mcro rous

polﬁﬁémrn%ﬂ-ﬁraﬁéﬁﬁhﬁ% %tenaqéip@famusJ%%ot ﬁwegs%% &ﬂukd%%tve{t such as
can be placed af the shell side of such nenbfane

watS@R af g@ho solvéntf or m a conplete m crof i 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) efvek myellable pdiyraardintbanbtanefoshiap material subsedjttemi doyted onto a solid
inserting the inner current collector into the
corgrilreh rsashens sepeial atieror arvdrben wg) drieil @sd ¢ungl to darer akdlidified polymeric
manuf acturi ng process. [0059] Specifically, a
merghgiguwhicly és fuptgeuentpOcdntacted mith therswellidpdgenhidy imdeBp gepapsion and
whi ch can function as the inner current collector. _
therehycdgtagholieny the iselid oprefiber. Ay rubinp Pyt seetherpise resroring dhel defpehed solid

conductive materi 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.

tOOSG] 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 agg:nt is then contacted with these layers so as to effectuate
_exﬁansion of the swellable polymeric membrane-forming layer, which in furn causes detachment

~ of the solid core fiber from the polymeric membrane-fonning 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
coated with a | ayer of a renovable substrate nateri al

We. 2004067286 m @ fibrous substrate structure SOpcr/B§ofs041148
which a [ayer of a nenbrane-form ng material 62 i1s

then coated. After solidification of the

claveedataBidafet NfROheBdtRhddabreGiber ik Rehotddad Rilio inb@6AHR&s inembrane
treated so as to renove the renovable substrate

sepueeti(is folmda2whiblodafhesg shelhwiielandw borb £ide) svithieatasectrocatalyst layer
separator 70, with a lunen 71 therein, as well as the

at jtyhoey sideiand tha buteralldcrettalyst fer af DOBE] siddn out er curr ent
col |l ector can be subsequently attached to the holl ow

fi brous nenbrane separator 70, and an inner and an
outer electrocatal yst |ayers can be applied thereto,

(007 it ianve eieshicoliiotor Paviigguiéametst thatris empflerghagehat of thawykoved solid
conbi nation, so as to forma conplete mcrofibrous

core BT @@ PP mtrfed dnte e borg of el bellopamiciebratsrpaybiaas scpmaippand an
2004/ 067259 PCT/ US2003/ 041148 [OOGlg A renoval

ovieh PETRLELCAY SR AE PEAKE! i Brth St 06 StEh feabBRe ppRPH éY form 2

a acent éﬁg nner current collector, to

corp %?FF?%@EmF fai of the renpvable substrate
material. For instance, Figure 5 shows a coated fiber
havi ng a nenbr ane- forning material | ayer 62 coated

[OO\?\%].GEﬁ(?th&Oelrﬂbg&ﬁgﬁso? the' HedbOY %%!61%1 Suu?v%ivresa Ez m%t rma on g a hollow

contalns an I nner curren ["ecCt or an

ﬁbfo%\éﬁtrané %ﬁaﬁ%ﬁ)@%h %ﬂ' nlinlgle Elﬁlleﬂt co%%%otﬁugﬂg Vﬁﬂxc%]woﬁg f @ec &ep of

i's pref y an open cavity t

sub%é?;ﬂ@q\ﬂ?lmsfeﬂbﬁ% the GrHar Q@ret&%&?e%far I ﬁg B]@lﬁf:ﬂaﬂ@eéeyarart&%&' Lilifies the
the substrate material 52'. [0062] Figure 6

m@%ﬁﬁéﬁmﬁﬁgﬁgmmﬁﬁcordlng to an alternatlve enbodlnent
of the present invention, which has a
menbrane-form ng material |[ayer 62' coated over a
fibrous substrate structure that conprises, from
[0059] sEateificdily, a eonduckiveibecdlr i €irt proailidde 6 i0 Figd' 4, which banShnction as
renovabl e substrate material 54" (which can be either
the goki cderpliaglcor. Sudnecsdictiv-frhaddepmprisadancelesticdlydonductive material
sol i d- phase renovable substrate material 52'. The
42, pihich pany termeniad ohatel eldystartat.er pendentivapolBdrs, pte. HiBrcenduetisatifibyr 40
renovabl e than the second, solid-phase renovabl e
s ceaigdStithat lavenaftagemneyable glbsh’amtqr@l Ehieferpfdbrdup pabgtrate structure 50,
removed to forma renoval interface 51. Renoval of the
Om%&f@slha layg ot  dpeplgaslopppg paipa 63 sskencaated.  fyiier aplidificatip of the
en carr Qut at such renoval .interface 51,

meqﬂ:g?% Hlam%g }ﬁﬁfﬁ%ﬁﬂ 6%4‘511? gt Pteh éO is treated so as to remove the removable

substrate material 52, forming a hollow fibrous membrane scparator 70, with a luren 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 imner 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 fizel cell structure, as described hereinabove.
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menbrane-formng material layer 62'. The fibrous
substrate structure can conprise additional |ayers of
renovabl e substrate material of different
WORYARidsh ty, in addition to the exanple prgvaefos0a1148
herein, as long as the outernost |ayer conprises a
solid-phase substrate material. [0063] Figure 7 shows
a coated fiber, according to a further alternative
enbodi nent of the present invention, which has a
[00BINIA 2dhvAIGRIBARE a8TRikRIohall hekeR}Bdve @311d 60 BiRMed¥Bicerd to the immer
fibrous substrate structure that conprises an inner
culretitlcalititor; 0l fa6iita frerdbal off et irddEhvatlel@ibinteShateial HoPindtance, Figure 5
soluble fiber 56 and encapsul ated by a solid-phase
shoesTe vedtddefite ey ing ot eerttrineforming SRiterialllager 501 tdate@ obdriaedoliBPhase
is first renoved to provide a renoval interface 51
remerdble rabsg gt ndiephla®s whirioesthine as ilpst quatie colikcer K| anB2' removal
is subsequently renoved to produce a |unen 71.
iniegigcpadl itereinf Spdhaemesnbipiekfaderfilas Prefmabll anséngm ictviity dmbdgp which a
18 WD 2004/ 067259 PCT/ US20031041148 increases the
repesibiiad cande pasyerl tq HWisctiyely idnoylva S sybsiiyvmpbréel 83ibstrat e
material 52' and is therefore preferred in the
present invention. [0064] Addi t i onal conmponents of the

rofi brous fuel | structure, besides the inne
fo‘igﬁf & & élc‘tf’@}if’éf %Ls%nwﬁ@d% vy allehraiv ?ﬁlhedwe’@wftth% present

f e to th
m"ﬂ%%g%i"*é D SR RS P8 6o PP et SlPpR pubstst
s e Bne o Sy 5 9%9%%%8{1? fore?” i Engtle sibfote

YOUS ane separ a% or w

eﬁllaﬂ ?&t(grﬁlbff“ggn/ g@ efﬂ%p %lld%h gt . %&?E typ?l%sg)f %X(? a. s];coor &Te.sg]tld—phase

erein a oated f1 ber

rerRdvME glﬁ)giraté/\’gfaﬁﬁaloj@np &'hes ﬁ%% ?errfo'v&'i éﬁ%sté{éblﬁ!ﬂ: %4’ is nioi% readily

structure and nbrane-formng nmaterial [ayer

rerf¥tle @Hﬁ@‘iﬂeﬂs@coﬁﬂ’ CSGIIJ %)fﬂgeoféﬁloﬁgﬁ%hﬂs%gt@ nohdHICI 2N £d sl ﬁ@reforc first
fibrous substrate structure conprises, from.insi

renfivtd todbtm AY8R6valiteFRIRt5 1 CREMGBE FiheGoond sHIRIPAYR bér&nvable substrate
substrate material |ayer 92, and an inner

maehaciy acttmbartdd duwe ucl Qanovllf fiRffadelR, ey al lu@bn Vheiside the
renmovabl e substrate material |ayer 92, a hollow

mefmbianaiosminge mbteds dsyes 6P arik dibraus sdbetrtee shrubiyiret da® comprise additional
menbrane-form ng material |ayer 112, which contains

- layers of remdyable selistige amicrisingt different emnowbilitye @t @ddit®B, to ahe example
lumen 91, and an inner electrocatalyst [ayer 102

progided hetrirg ps lome as theentermostilaycecopprisss g bolidehdso ubbtiabroaigial.
menbrane separator. [0066] Figure 9 shows the process
for formng a hollow fibrous nenbrane separator with

[OGgSr:]l ﬁg‘rg[/ 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 subst;atc
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 tomen 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.
Specifically, a nultiple-layer structure is provided,
wibi26d1/06280r i ses, frominside out, an inner pEf&Rbs041148
coll ector 82, a renovable substrate material |ayer 92,
an i nner electrocatal yst |ayer 102, a
incroesth tleneméal miangf thatadidiphdse kayaibld dBstragndatanl 62t is therefore
el ectrocatal yst |ayer 122. After the renoval of the
prefegmad indhd messnilystwimbe material |layer 92, a holl ow
fi brous nenbrane separator is forned by the
menbrane-form ng material |ayer 112, which contains at
its bore side an inner current collector 82, a |unen
(0064, Adedidiongheanparsnts of et rigrogibransyliel delh yleyctute) Pesidgh the danef pusrent
shel | side an outer electrocatal | ayer 122. An
colk?&% reag be rfammed 4 frdier Bith éla?nh%@Wsﬁlbg@qm@mrw wbargerh aiping the
uch hollom1f|brous menbrane separator, to forma
renlf’(‘.i Phaaigmeteppl 150gEbdbee | | structure, as
- descri bed herei nabove. 19 WO 2004/ 067259
PCT/ US2003/ 041148 [0067] By u5|ng the SO|Id phase
trate.materi ent i nvent,

[OOEﬁ nﬁgurﬁg (%; E% 5 Efé Fipsess fox ao 01‘]&18]|g |a hgl?owu‘I lircms e ﬁnebs are}{or Wit an inner
u:!é[-?ﬁyofu@&ér nﬁdan bl}{ne? ‘é&éc%% I?yer % ’F]ﬁe{e%aéb' {n% r eNOMLAY fiber

acc a conti nuous

tru@lil‘xﬁe?ngg{sgé} ﬂ?ég, [inpﬁg la%}b?%%lgﬁgﬁ sﬁ‘ﬁcgllreé %@CI ?éﬂ‘fotrdng—?orming

maiSi @Qbﬁﬁﬁtov&tcoﬁﬁg sQJhef&ﬁms shﬁ&@c@ Ethfa ¢. arpeHEda %L@)'é?a"t'essn'ucture

fuel "cell structure can be forned y a series

confpPiRds] PO SiAS bR s thiREbuddhiiBlector 32, R ANIvEHIOGEibARtel IS layer 92,
current collector of a microfibrous confirmation; §

andfef ey caboalaBatSAyeP102. AR EHe Rfno¥aEBONABIEvaBld Bifdst A ﬁatenal layer
mat eri al over the inner current «collector; (c)

92, f toltownibraus niembfies @b fitol @Cfain@l ¥$ the dyBEncOfRiing@hteriadlayer 112,
| east one | ayer of renovable substrate material; (d)

- whiflocontyige at e ivbueanikde- froimiengumeat eslleetbr BRyelunsme?], tdnd an inner
i nner el ectrocatal yst layer; (e) formng an outer

elecrpatatisenst H12yeetted anas inngnsarface loEsuplelmipw fibrofisoneritmae 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§), 1 Figure] evs Ge gp%sw@{ 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, a2
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 contajns at its bore side an inner current coliector 82,
a lﬁmen 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
m crofibrous fuel cell structure in detail: FORVATI ON
W0 20646 TIE)OVABLE SUBSTRATE MATERI AL LAYER(S) p{PRéRbs/ddli1as
- | east one |l ayer of a renovable substrate material is
formed over the mcrofibious inner current collector,
whi ch can be a conductive fiber of any suitable
material, such as netal, netal alloys, carbon, and
(0BTt dRyc tsinge the Gloljdvpiase, reROVAND DBAIOBARED of the present invention, the
PCT/ US2003/ 041145 [0071] Any suitable nethod can be
migepEbropsud! oelhstwehurh canchenwalfhotrei ysitseries ef quatingfiicating/temoving steps,
layer(s), including but not limted to nelt
Wlés‘@t P PR riccoslithed dm 2o Ran¥iteols revtomfed exanners fasnyoalepp opmmercial
coatin brush coating, dip-coating, and vapor
WW@BB§PgWEHﬁmF€©¢§Fdh preferred nethod for forming the
renovabl e substrate material |ayer(s) over the inner
current collector is melt extrusion, which includes
st eps..of rovi di ng a rennvable substrate
ofedf o %Prm’a%e%ﬁ’ﬁ%ﬁ of {F PIeSBLFY S h i " FRIPFRYF fughpell structure can be
rial over the inner current
ﬁxﬁ%&? enﬁ“’?%%mgwﬁggmﬁg dPSof a desired thickness:
(iii) cooling the fornmed | ayer for a sufficient
period of tine, so as to forma solidified |ayer of

re n@ﬂ ab l ﬁh'lg%%r[ et deht%gflegjmr of gxlafﬂ’?‘r&]%Qﬁnfﬁﬁg?oge

repeated e tinmes Form mi ayer (s)
of whe Sﬁﬂﬁm@ E.t }.g'r.{S{ &Eﬁ%@lt of tEIRUAL kS s SO %i‘rgl"i)aﬁ Gver the inner current
mat eri al (s). Mel't extrusion Is advant ageous

because &mamﬁprned | ayer of the renovabl e substrate
material can be easily and quickly solidified by

coo(d) ng, fohih€ b inSerQildcR@htaka1hislel BveP Wid hiMedsh Bnetayer oPferlobable
a liquid bath, provided that such |iquid bath contains

a Iqu|dmbhmmnﬁ&ﬁm not significantly attack or renove
the renovabl e substrate material or the inner current
col (d&ct oformiMrementthgefemngatsiceial iswbsiter tht Bneratcetrdeathlyst layer;
conprises a water-soluble polynmer, such as pol yvi nyl
pyriedl i dorreng @\Rier eleqrodatalyistigsler edecthbhmbmigréAprmivgudaterial layer;
pol yet hyl ene gl ycols (PEG, such liquid bath may

n%} i s aeneyiing saifat least ong faere reowvabisfsubstrete wateral; g | ubl e

I ners dissolve only in water at el evated
b ataiipingiap 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 _ﬁlel cell siructure in detail;

~ FORMATION OF THE REMOVABLE SUBSTRATE MATERIAL LAYER(S)
f0070] At least one layer of a removable subsirate 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
[ittle or none in cold water at | ower tenperatures.
[0074] Another preferred nethod for formng the
wenmMAaAbhe substrate material |ayer(s) over tmmgzmﬁ,qms
current collector is solution extrusion, which
i ncludes the steps of. (i) providing a viscous
solution of a renpvable substrate material; (ii)
extrudi ng the viscous solution over the inner
[0@I} rrentspitdble hahoth @nlteysed ©f fomn ceb irermoalilh isadsnes siatedd dayer(s),
(iii) treating the forned | ayer of viscous 21 WO
inch@idng /L0602 EO1FICT MBS 20108108 40ld@: exgoicnt inb axtfusion, apray coating, brush
sufficient period of tine, so as to forma solidified
GOME%éWD%ﬂmﬁmﬁﬂW@Wﬁdﬁbm@Msubstrate material. [0075] The
vi scous solution of the renovable substrate materi al
can be forned by using any suitable solvent or
| vents. For exa when the renovabl e substrate
[0%& Arfpreodgnegiogle ﬂmgs)rha GOl TRk e e o

PVA,. or cous sol ution may be forned

PEG),
szﬁn%iﬂ“vwfwnﬂgﬁ P €104 o TP LD Y e veble substote
Lg I t I
e A o it va@afubs@%%ﬁ“ TR i e
co]%gtgla I’% ?011% u%ee? to? h dtesl?r%&] ﬂ% Ce':?ss V¢J3 g?ﬁ ]&lg zlg e@q?%er ¥0r a sufficient

a surt

per‘r:ogloY &;ﬂy (s§ AS t g&msho%gﬂcﬁﬁéd 1%}%1}1 @{er%(brgl%? .L)u\{)gt[yfe c}%‘%%a? r%c& ﬁﬁjs le be

r ead use int

repEd?&i fﬁrpxﬁﬂh 1!3 ‘&mgé/tg Q@ﬂnq;m ﬁgﬁyé(i)‘@ & tﬁe%& 5@&1&61’6:[@%11?0%@4 Stibstrate

used. [0076] The viscosity such vi scous solution
nmﬁﬁﬁ@ﬁ to be controlled wi thin 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

[00T7F]albelk exthu@idn tiflad¥ntabdols Pedhus@ iRl frr@MEByeY of AMLfembBle substrate
surface of the inner current collector, and a sol ution
maietid tani te ebsdlp atdquivkiyi solidifialtby @cdling wiehich is dithgtehrriod out in the air, or in

sufficient thickness. Therefore, by controlling the
2 ligid batls iproyided thetsgcly qwiliathl seniginbs tiquid tat does rext kighificantly attack or
solution, a layer of desired thickness can be evenly
remgyspihe aemayehle stivents matsrialouhesinger cowdnt eelieotor. [WBF He removable
Solidification of the viscous solution of the
subsiiafeoWaieiiab COuprEeY At watsrelable aplymern serb ascpabeingl pyrolidone (PVE),

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, bui very little or none in cold water at lower

temperatures.

[6074] Another preferred method for forming the removable substrate material layer(s) over the
inner current collector is solution exirusion, 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 2 layer of a desired thickness; and (jii) 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

sol vent out of such viscous solution and to solidify
Wi of the renovabl e substrate materi aperp§fsfidlias
Preferably, the viscous solution of the renovable
substrate material is provided at el evated
solutingp for atsuffieient geriddrg tihé)@o eb farahi agliditi@ayes 6F thdw@fnoWBR Rubstrate
it exits the extrusion die, the renovable substrate
materiabrial will inmmediately cone out of the solution,

due to the rapid drop in tenperature, 22 WO

2004/ 067259 PCT/ US2003/ 041148 resulting in a

sem -solid that requires mninmal heating for driving
[00#5 Tiheeviseenespiiiongofsibd wpamvableSubgirateprakaiel smite fssd by yusing any

referred to as thermally i nduced phase separation
supgblsciobient qrowiroqts: FBer sxemiis aice theutswpyabicesubritie miateris] is Ravater-
not forma, solution easily (such as )

S"@E]F W%’PF%‘P%P@%PW‘(% R¥3, oriPRl): euahvipequs soletinn may Boforseed siraply
b %%ed Ho fg%nH;hQ r.enpvabl e iubstrate material | _ i
VPSRV E) s G SV PhRR e TRPle St et pigal ir2 pobpgperic material that is
rovidin aste, of such r vabl e substrate materi al
nolJofiblesh st Tl 4 SO s PR P ST P AYRB SER SUpom e be formed

| 0l.ln th seat i.nventiqp, .th
o 3bi BabBlte R bR of BBl S Ly TRt rh s cam e
j At 1D 0 an | i cation die
reo P Rleq 3, o R ifeaddn Sloel DGR WS B r i subsemte
maRFialduse] Scous solution (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
[007&Yy Tlie Afco@lyf buchORéoas 368kionTRde8Y b db chrioliddSyidEdn HREHIaRMinge,
onto such fiber, as shown in Figure 11. Such
for @xdniple ifiom dbew0d goies itdabauiCOP bétak, 4 Rndadurddi vy QoA Wometry
and pul trusion, and can be used throughout this
usiignpPBrogldiel domtafing spndle visctinreger.an. saldtint thaiedoo thixgaxill @dt apply evenly
material onto a thin fiber. FORMATI ON OF THE | NNER
oveE HEGTHROEAT Aie YSTr bUNVERCODE khd Thelufiownbat igtod it till not achieve a
el ectrocat al yst | ayer can be fornmed either ab initio
layggjof guffipient figplingw  Thetefersuby erotrpllinente sispumitaciohs repovdble substrate
subsequent catal yzation of the hollow fibrous nenbrane
matgrial SPIeo 2 13y o diesgd fickpess jcar e caendi gnpkied owfo ket el scurrent
disclosed in U S. Patent Application No. -10/253, 371
colledrey on Sept ember 24, 2002 for "M CROCELL FUEL CELLS,
FUEL CELL ASSEMBLIES, AND METHODS OF MAKI NG THE
- SAME, " which is incorporated by

[0077) Solidification of the viscous solution of the removable subsiraie 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 subsirate material is provided at elevated
temperatures during the extruding step, so that when it exits the exirusion 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
various nethods, including but not limted to, ink
wobidd®sR8 Spray-coating, brush-coating, di pp&Radloésheriss
chem cal deposition, electrochem cal deposition, and
vapor deposition. 23 WO 2004/ 067259 PCTI US2003/ 041145
reuliig 8] a demksodid tatiRiGids ntimdal péatihefor @thingRifhBcefdifing RBvead Such
initio formation of the inner electrocatal yst |ayer
prapysiis usiredly refovmd &ids ¢heaniddly irdateé phaat pdrdlon baves.(s) in the
present invention. Such ink extrusion nethod may
include the steps of. (i) providing an ink paste
conprising an electrocatal yst material; (ii)
[O@Qﬁ% reepvelie subskrate amseterialyy dirat tdeenstefromab| selutierb stsilat Euch as
material |ayer(s), to forma layer of desired
rolyisefiaswsidylenghdnk ¢pgion qap glsp Ayuset & fork the agsmoxabilmubgirate material
sufficient period of tine, so as to forma solidified
laygi( o Hedpust gperenticalisior, by prosiding FRestenf sechreseoyebis spbyirate material

¥ate$ia$ may conpr.ise a netal selected fromthe group

GBI A PR]ES Pnt%gg’d‘ﬁeﬁ?}‘ﬁ]enté?ﬁeﬂt?r'r ut heni um iridium
pal | adi um rhodi um nickel, iron, nolybdenum
tungsten, niobium and alloys thereof. Preferably,

c rocat al yst terial .compri.ses.platinumor
oo B SRS B BLELE) SR S5 AL D e o o
coaﬁgdaéb'e%élyﬁqﬁnﬂiﬁﬁﬂﬂ &8 @1'119({ Y a nBitﬁ%tﬂfwgé%m an% %Q ?exrﬂ’lﬂlmngm), ora

all oy, platin chromum al l oy, platinu I n-al oy,

vis g . . lex sion), "o ste i i i ) an
QN B! Y1 DGR xR -or LORHE BhoreT B it i BRGNS apply

used in the present 1 nvention Yy npri se at

addRl 088 tdybCat mla¥erialQRR SHdGhde VLI ER b S E M abik SIS A2t GRT AQRs section, or
powder or netal powder), the electrolyte, the

2 1oQ4r@F LIEMO AR sY Shterial BtRk RRYseQHoMEIntoSHIH fRY, 8 shown in Figure 11. Such
per f or mance- enhanci ng additi ves. SpeC|f|caIIy, such
extiusibn RaSi@e iy condORRI o eyire REBING 8% fuliisich, @64 AR uddyBrbughout
carbon powder, an ion-exchange polyneric electrolyte
thisrepplizaticalfortehiatdingsn bditicasanayend natess] onoAtidh fileel by t he
hol | ow fi brous nmenbrane separator, a polymneric
bi nding material, and a solvent. The el ectrocatal yst
material in such ink paste may vary from about 5%to
FORMAOEIONO OF I HEJEHER FLEGTROPCABAGHIT bAYEBRIch i nk paste, and
referably fromabout 20%to about 60% based on tota
[Ooﬁéi Hrtinnst andruter glectrpgatelpst lagpreten bp funed either abaitisip yith the hollow
- slurry comrercialized by Johnson Mtthey, Inc. at
flbrdps ebrong SoEEEHOT @ i GEPSFPIl R OF sy Btlor chigpe brane

epdlesent L nventi.on, ) . . I
.sepdrator, 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 inmer electrocatalyst layer can be achieved by various
- methpds, ncluding but not _Ii_mited 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 "/o Nafion(r) binder in glycerol solution. 24 WO
2004/ 067259 PCTI US2003/ 041148 [0086] The ink paste
wonohpehkeat ed, by either heat drying or conpefiéfesosrias
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
[0087] The nenbrane-formng material |ayer can be
[0d88] mekckxtvsidn it B arefenedemetBldefol the etnalo\ferinaliaythe inldy electrocatalyst
nmet hods simlar to those for form ng the renovabl e
laysudpst tha remavatilesubsilate] ngayegial layer(). in therpedserd iinventiont Sudhdhk extrusion
limted to nelt extrusion, solution extrusion,
moghed apy ookitlé thesters o $hproviding myink diste-conatisinggn elretbeatulpg omterial;
deposition. [0088] A preferred method for form ng such
(Wneirdiag defige pisisgvarbe reredvalla ydstrats mbtymé dayver(§)ote form a layer of
ext ensi on, which includes the ste (i) providin
desireq) thickpgss 2 (1} Feghingothe fkpesip fos aeu mﬁm!god PfgEmey poggs; to Torm 2
extrudi ng the viscous solution over the inner
Sd@@%@?kﬁﬁﬁ?ﬁ%?%Wﬁiayer, to forma layer of a desired
thickness; and (iii) treating the |ayer of viscous
sol ution for a sufficient period of time, to forma

f t 0089] Th
LA R T S e

- t . b t ot al
oo o B S WL e,

moﬁl}ircnt atfe E] ﬁof u%l% raﬁag'f :Eoe%% ta 91! Ilﬂlcitbl%ﬁ] cor? ) gag aﬂ’glm or

on the spécific kin rane-torm ng ma

pl Walloyg Ogucﬁ)égmhﬁum-i’ﬁ{ﬂﬁﬁu&uﬁﬂ n?lgéﬂ{uﬂf}gﬂlglﬁﬁﬂr&g alloy, platinum- |

mat eri al” conpri ses perfluorosul onat e 1 ononer

oAU By bl Stk BBty

Chem cal Conpany), and Dow XUS (Dow Chem cal ), a
wat er - al cohol co-solvent system can be used to form
[0083]eThel BE @dSe 801idadl W theOfresSutCifveididmay Corhy@istianN Gast an electrically
material. Specifically, a Nafion(r) layer can be
configiimedatyal pudt 4spgrben weeted nickab powdenhthe Hedialytey the sleatrveatalyst,
inner current collector, a renovable substrate
and' gyt ether aduitdbdey erforraande-enharicmgesddidivesc t Sproificallyy stchl mlrgragte may
through an applicator die filled with a 20-30 W %
comgpd, Patides tho Ielgfttioeafﬁalysé ocarhen trowastt e den-exchaggee polpfierichgectralyte
Nafion(r) solution onto

material that is the same as that contamed 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 Matihey, Inc. at Taylér, MI can be used for purpose of practicing the present invention,

which comprises 20 w/% platinum-carbon powders and 5 w/% Nafion® binder in glyeerol

solution.
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the coated fiber. 25 WD 2004/ 067259 PCTI US2003/ 041148

[ 0090] The nenbrane-form ng material |ayer can be
subsequently solidified by heat drying, or by
wonb@Amkieg such layer with a coagul ating agepér/i§osn41148
enhanced solidification of the nmenbrane- form ng
material layer. Preferably, such nenbrane-form ng

'[oosaj ahé il paste bdol el reitddl, & eRber 2Bat AyRMAIrQ@GntadtiBFBEN AP Bte with a

which is at |east the glass transition tenperature
codghlylinpaiber, 46 Bs toBT a0 fied ity ecirdvahBtiat, and t hen
cooled to forma solidified | ayer. Mre preferably,
such material is cured at a tenperature in a range of
from about 100C to about 250C, and nost preferably in
FORMAINGY QFf THE MEMBRZGUR-FARMIBG MAABRINL [IYXKR The curi ng
tenperature can be readily nodified, depending on the
[008ple dhef lin@nbtwtfpmémm’tsiaf laver eirebef formee dvardirtinten eledtmyedalyst layer,
Usual |y, the higher the curing tenperature, the |ess
by ygthads S@@m érthose %ortfmngéma@%blp aypelrate mutetial huersiter, duvpding but
the nenbrane | ayer but the trade off is that the
noflispifsH Ao aneft égs@fmgom?t@f%@uﬁ@m%%waam brughrepatipg st pigng, and
a.lower conductivity. [0091] The hol |l ow fi brous
Vapﬁfe&?ﬁ?%??é‘ formed by this step can be a solid nmenbrane
consisting essentially of a solid electrolyte
mat eri al , such as an ion-conducting ceram c or
ti.vel g‘uch hol I ow. fi brou

[OOQ% %( d)refer{jed r}ge I‘ nta mf‘ogarljg 8?0 Jgemkﬁaé‘\?- an Ig%ffqag layer is li:)y sglutwn
exn%l};]gr?r,é\;h?n!hy %‘é‘%? % % of: @Er%%ﬁ%%%ﬁwscoufslsglﬁ%oﬁs raensl%brane-fonnmg

matdBy; (H?ex%& n%ﬁu& Hscro@g éoﬂfggrg &Uel? %@%hér%fe ﬁyst E.Perd@ éﬁ-ﬁasaqaycr ofa

osnobsI S nmenprane, Ccri rag

desPad tﬁiﬂkneﬂoand% 1Bating U 1 %%I&%l%nﬂﬁ@ s%f:ﬁ period of time, to
ELECTROCATALYST LAYER 0092] The formation of the

forﬁHEﬁfdziﬁhﬁﬁth@ﬁ@foﬁiuﬂ@ﬁmt’eﬁYE{/erl s carried out by methods
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
[00868 rithe e edsosohitiog maR teeitiia frolnagpent, 10Whiol #bofithi®% Bh&ich membrane-
el ectrocatal yst layer is fornmed on top of the renoval
forrgiupwbterid dasvd be totzh iveipladpéihe sdiwtionr defout olvertharsoledt kyatems can be

structural integrity of the multi-layer fiber
used torfoen el sawiopodepending an olsprgifie kpldsm%uftmbv@etf@'amgrrgat@rgl used.
preferably

For example, when such membrane-fonnmg material comprises perfluorosulfonate ionomer
_ .membrane materials, such as Nafion® (DuPont), Flemion® (Asa_hl 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
' ;‘emovable 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 1aye1_- 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
SUBSTRATE MATERI AL [ 0093] The renovabl e of the
wobksdsroaieo mat eri al depends on the specific rpERyIbR41148
substrate material used. Formexanple, if the
renovabl e substrate material is a sublinable naterim
[0090P The Mn@brim Tovidlg tiidrlal Tayy Gdn\be sitbbdlidnf@ bd1AfFed bf hdadWRying, or by
renovabl e substrate material is a neltable materia
cofithraing ik lnyenoitala sdabdlating \agdny or ne@bdntadgsolidificdtiBe of the membrane-
renovabl e substrate material is a soluble material,
forpiregrmatdrial lnproPaferablyl fuch newmbrae-fsengohatariab Gl fire Rtred stah cRsated
an acid, an alkali, an organic solvent, or water.
termersfuey, afbiop is pif leqsh the rebmptrabtion Bubstirat(Egetsecti mbmbrane-forming
conpri ses a water-soluble polynmer, the renoval wll
mafaigln adeheppelpdi forut a tpjidifipdvieyesi Nigretrederaitly, tsisc mapetal ictred at a
structure in water for a sufficient period of tine,
tena%eraﬁlpe Priares §f \fsame%bowtrw@f&?gth aloub 3T08C,7nd sngstrprefiably in ayaage of
er structure, as to renove a substantive
Pt JH°G o 3bRw 158 ﬁb&%ﬁ PEg (FEWERAe S te4dily modife, depending on
pref r abl is heated to an el evated
§“r T T érgnf&f PSR WOl i fgh e cwing

Q enh nce vV ate of t substr
temr?ata E‘F sy 34“]"“%8 n&F ’E?B“nlﬁ}’eé’taé‘ ?‘Erfﬁ%ﬁer %‘F meprane layer,
butrtgmyd% l%é@ls EI%P%nt rn?efm%é ae {rer: sg)lnfoﬁx?ed qﬁr;éss:ﬁfe)%ﬂl; 6131;1&1 %rere% e ]Faa & lower
cmﬁgkgﬁyln the present |nvention. It is possible to

renove only a portion of the substrate material at the
time when individual mcrofibrous fuel cells are
formed, bundle/seal nmultiple mcrofibrous fuel cells

[oobQ T 1 HORU Beibiis BrrRAS 1Bk 46 BAGhed sobifl %eknbfahei@onsmg

and subsequently flow water through the bore side of

essétiglly 6f 6r<fid RIcOkIyt Uerl|sheh FOEMi@-doRICAIIO¥QarkiB &r polymer.
remai ni ng substrate material fromthe bores of the

Alterptivelpl sachrhalloof ithae Usemthae [so Gelked niaf b8 URiBrop&eis Baving a solid
[ 0095] The various configurations of the renovabl e
elecholytst mateal sitnpregiaterieindeseopofee dhdef.ei Sretifivadly, swwhnipilowi fitgons
either a renoval interface in contact wth the
menrinst iayt e miptoBitiatidn, uigefiltretion,om remprse osmeivova@idirane, as described in
substrate naterials of different renovability,
Eshraghsil].§-FafeeidNor §P6#a# 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 elecirocatalyst
~ 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 coaﬁng is pre_fcrably

applied onto the outer electrocatalyst layer.
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adapted to specific systemrequirenents, consistent

with the disclosure herein. 27 WD 2004/ 067259

PCTI US2003/ 041148 [0096] Foll owi ng are exanpl es of
WehemMer2kok coatings that have been applied gfigs2003/041148
fiber structure, for formng an inner or an outer

el ectrocatal yst |ayer. TABLElI |Inner El ectrocatal yst

REMO'CAL SUlTSIF SURSTRAREGOATI®SAL I on Resi st ance (ohns)
Mat eri al Carbon Water G ycerol Spacing Spacing

[o(ReT fThe ranRteble BF ndesubstmRimardiaingepalds Bhahd Biealis InBvabidl substrate
PVP 25%Nafion 1 5 20 Yes 500 -- -- PVP 25%\Nafion 1 2.5

malePial¥igsd. 1 BRm2Q0mBaGS the reRRbREUbINak infuferidl iR 2 Sutfim¥lsis material, then
50-100 250 -- PVP 10% Nation 1 2.5 5 Yes 60-70 150 for

thep@seRY/RIDveNAubBBtNaL T tha rdndiatfe Suib¥es: D@eriaDis 25061306 material,
Open=0. 99V and 20% PVP 20mA/ cn2 0.5 PVA 10%\afion 1

thep tig wmyed wilp Gvala@mel§aw) ifChe rrrQy®8:\substrate 209¢ERIHs 3 GeiMble material,
(0.5V) PVA 10%Nafion 1 2.5 5 No No Open=0.98V and

thep oz, nepeval williinse)ve Gal & REvepDsBlps arpagil, 20 okkalay ergankOsgvent, or
PVP. 1 2.5 5 No 140-240 38000 PVA 109%\afion 1 5 0 Yes

Wa% 8{5’1'91@@@ if. the yesaqvailisubfrete) HoiRE icompripespa Fatsr-sghible polymer, the

remova %othé‘rndfgg carried out by immersing the mulii-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 z 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 rgmovable subsirate material is desired, but not
required, during fabrication of the microfibrons fue] 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 subsfrate 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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20% PVP PVA 10%Nafion 10%°VP 1 5 0 No 30-40 850 PVA
10%afion 1 2.5 5 No 300- 1000 10% PVP 3000 PVA
10%Nafin 1 2.5 5 No 50-170 2200 -

wObkhesct rocat al yst Layer | nk Conposition ResuShesngfias
(ohns) Binder (w9 Carbon Water d ycerol
Spaci ng Performnce

Yes <1 10 30 700 -
25% Nation 1 2.5 5 Yes 65-200 600 --

Yes 80-200 700 --

20% PVP TABLE |1

Spaci ng

(W9 wWoo (W9 Pl ati num <1/8" -1"

[0@BYMWallovang dreScx2pINesf Vabiduslidl @Goatings? BidfNAdve QRRenl appligDon¥E 8 fiber
220-250 1600 -- 25%Nafion 1 2.5 10 Yes 300-400 >3000

str288de, Nartforotinglan 2nmbr d@n ¥es cBEheat Mt layi25% Nafion 1 2.5 5

25%Nafion 1 2.5 5 Yes
25%Nafion 1 2.5 5

50-120 550 --

28 WD 2004/ 067259 PCT/ US2003/ 041145
[0097] In an alternative Bd¥dd nent of the present
invention, the ink paste applied to the bore and/or

the _shell sjide of thbnkoElkedwciialpstdiagernenbr ane

suSEpafator nmay ank OBypolifdn CONPri se |Relighls @eahal ysts.
Mt EXANPT e SHG ol WSt PER & TBY. COMPLAnSSs Mn@l at iPatémance
cat al &I BV jombky | e Pomres)0[P1EENBY coond u}s cjr Vie
et er | ZsNafisdiclh as [nisobi um [ 1 ¥ani ungoot 1jT adl um =
By bl d&% Nafibmni un rji 2.5i|delo Yes |150-200( 800 -
PVP 25% Nafion 1 2.5 3 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
P R B
VA 20% PVE 1 2.5 5 Yes 50-70 |250-300 20mA o’ 0.5V)
10% Nafion Open=0.89V and
PVA -
20% PVP 1 :2.5 5 Yes 120-140 | >800 10mA/ent® (0.5V)
10% Nafion No Open=0.98V and
PVA 1 “ao%pve P25 3 No | cading| ~ 10mA/cnr? (0.5V)
10% Nafion
PVA 20% PVP 1 2.5 5 No 140-240 | 38000 e
10% Nafion
PVA 20% PVP 1 5 0 Yes 50-60 1250 -
10% Nafion
PVA 20% PVP 1 2.5 5 ’ Yes 100-160 | 4400 -
10% Nafion
PVA 10% PVP 1 5 0 No 30-40 850 -
19% Nafion 300-
PVA 10% PVP 1 2.5 5 No 3000 1000 -
10% Nafion
PVA 20% PVP 1] 25 5 No 50-170 { 2200 -
TABLEII
Outer Electrocatalyst Layer
Ink Composition Resistance (ohms)
. Carbor| Water |Glyeerol . Spacing | Spacing Performance
1}
Binder (w%) %) | (w%) | (w%) Platinam <1/87 1
1 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%MNafion | 1 | 25 | 5 Yes | a0 | 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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ni obi um carbi de, niobiumnitride, etc. Catal yzation of
the mcrofibrous fuel cell can be carried out after
renoval of the renovable substrate naterial, or even
wot2evs/06725€. , after assenbling of nultiple PCT/US2003/041148
m crofibrous fuel cells into a bundle, according to
the catal yzati on nethods disclosed in U S. Patent
[09¢5D | Th @@ bitamtio emifo@inRb30f el présedtanventionStp g gage aghicd ROBLbore
for "M CROCELL FUEL CELLS, FUEL CELL ASSEMBLI ES, AND
anf/BrT feDBeIORi A INGhalldE SAME. mf0I888] scharrtthany ox amples comprise
are provided hereinafter regardi ng fabrication of
clagireqeislyptpr Bergxdqmpdd, sush ik pasit mesctonpess raabdinuth pajplyst but only carbon
preferred enbodi nents of the present invention:
or pReRPPIEugtivE onggals; such e Tehim, dianiugh tifoiynh garbide, titanium nitride,
.mcrofibrous fuel cell in this exanple, a 304-grade
m@t‘%ﬁ Froidegnighigm pitridy gl Goiplyzpgn ot de myrmibroupfucipelh orgrbe wgrged out
rovi ded. as the_ inner current collector. [0100] A ,
aﬂ?fefﬁm"&g?fetﬁﬁmﬁaé’}e FD{Falp MsEals O CiRglatsty &F- AffpasseRibling of multiple
ext rudi onto. such in

BB O B B s 05
(1QN. ' 0 5 % i

B ORI D il 168 M gy

ooy S5, OIS ARSI i e S0 B e e

72F/ 22C) Extrusion Rate: 0.54 m/mn Extrusion Die
Orifice: 0.053" 29 WO 2004/ 067259 PCT/ US2003/ 041148

[006X]t FitRHecPEkathbRs af pRARed Ker&na@%%éga?&{ﬁg)faﬂﬁég ol (Br%x rous fuel cell
Length: 1 in JR Dryer Set Point: 425C [0102] Arter

stritbeyds Aghordin@o riefeREd WRBdimOhts EEHesON idetRROl . The
cross-section of the fiber was exam ned under a
m croscope and neasured with a mcroneter, show ng
that such fiber has a PVP |ayer of approximately 50
EX$dR0 Imi crons and an outer dianeter of approximtely

600 to 617
[0099] TIn 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 inmer current collector a polyvinyl pyrrolidone (PVP) solution (Luvitec K60, 45 wi%, 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

Exftrusion Die Orifice: 0.053"
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m crons. [0103] A nenbrane | ayer was subsequently
formed over such PVP 60-coated fiber, by extruding a
Nafi on 1100EW pol yner sol ution (DuPont DE-202 1)
\‘vb%ﬁ%@nss{ 0104] Specifically, a concentrat edpéﬂhi%bs‘ilﬁmts
.5 wt% Nafion was prepared by evaporating a
d| I ut ed 20 wt % Nation (DuPont DE-2021). A first |ayer
of tm&uschquql?nt rated 31.g92wkYWohtdyphnpsol ution was
extruded onto the PVP-coated current collector. The
ext MRe-RALAcess condiftgons for the 31.5 w % Nafion
were: Line Speed: 2 nimn Extrusion Tenperature:
anbikMivet 8RPo@Xi mat el y 47268/ 22C) Extrusion Rate: 0.92
mM/mn Extrusion Die Oifice: 0.034" Extrusion Tip:
0.027" IR Dryer Length: 1 in IR Dryer Set Point:
400C [ 0105] To ensure formation of a continuous,
[01028hAfier deyinge thorfivee waacdledaineh b ayedl. Bfe coscation af te {ib82 was
wt % Naf i on sol ution was extruded over the first |ayer
exgfingdyadg & nEcrpdeopead ineasursdbvitht 4 roleromsated elrowintghthat fush ifibssihesge PVP
extrusi on process conditions: 30 WO 2004/ 067259
layPCf aypro0s)dn 19 4860 wicrres Spbatioutdr dipmatir of BRerpisHes 600 to 617
Tenperature: anbient (approxi mtely 72F/ 22C)
mEeRsr usi on Rate: 0.48 m/min Extrusion Die Orifice:
0. 053" Extrusion Tip: 0.031"x0.0355" hypo-tube IR
Dryer Length: 1 in JR Dryer Set Point: 375C

[0103] A membrane layer was subsequently formed over such PVP 60-coated fiber, by extruding

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

[0104] Specifically, a concenirated solution of 31.5 wit% Nafion was prepared by evaporating a
diluted 20 wit% Nafion (DuPont DE-2021). A first layer of the concentrated 31.5 wi% Nafion

solution was extruded onto the PVP-coated current collector. The extrusion process conditions for

the 31.5 wi% 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: 1 m
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 exfrusion process conditions:
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[0106] The Nafion-coated fiber was cut into desired

| engths, dried at 70C for 30 m nutes, and then

heat -set at 125C for 1 hour. The cured fibers were
wobsaake |y placed in warmwater for severﬁI:T,B%?ss;oﬂm
to dissolve and renove the PVP 60 | ayer, so as to form
a lumen inside the hollow mcrofrbrous Nafion

nenmhggsﬁhayer'for passaggiof liquid or gaseous fue
or oxidant, but w thout renoving the inner current

col [EReds@h Tehfbkit: The iaRBR#: (@pfbxRt-gr72dharef er s of

such holl ow m crofi brous Nation nenbrane/inner

cur Egiisios Bheect or assemlBylstn f or ned were about 570

and 760 mcrons, respectively, while the thickness of

t he Enafslon Dien@ifiee:ane | ap@s3'was. approxi mately 85 to 95

m crons. [0108] A conplete mcrofibrous fuel cell can

t heBxiowiohdlp | cat ed usi A@3t"he0XBEBOwpe-tidscri bed hol | ow

m crof i brous Nafion nenbrane/inner current collector

ass8hBiygr Lepgthicat al yzi ngnt he bore and shell sides of

the Nation nenbrane |ayer with platinumaccording to

t helkeBvay SevBaigton t echnP@ies disclosed in U.S. Patent

Application No. 10/253,371, and then placing an outer

current collector of 380 mcron on the shell side of
e_catal yzed nenbrane. ([ 0109] The equi pnents used for

01BN AR ieT S B BUS I engae) e Dl dr 20w and
e 5 S5 A e Bl 8 e o
o PEADT R0 5 SRR o SRR S
N e T R
m“@???h£9¥hﬂkﬁ&9%ﬂ¥&&ys Nati on nmenbrane/inner current

ect or asse y was fabricated by a process
simlar to that described in Exanple 1, except that
the renovabl e substrate was consisted of two

[0168"TAREe 20| MR GidtnelcRY 8 Such BT hiddGhitRouk I Na¥bn membranefinner
renovabl e | ayer of PVP 60, as
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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descri bed herei nabove in Exanple 1, and a second
renovabl e | ayer of polyvinyl alcohol PVA (Elvanol,
grade 70-62, from DuPont). [0111] An aqueous sol ution
Wb 2MAses prepared by gradual 'y di ssolving pEguE 6041148
polymer in hot water with stirring. The PVA
concentration of such solution was 13 w% which gave
suf Pisein@®ainp Vi scosity for the extrusion process. To
ensure conplete drying of the PVA |ayer, a second
i nf Mudinch wave Infiam8 diyet- linietdriong. Process conditions for
the PVA extrusion were: Line Speed: | nimn Extrusion
TembPeliaipuliieg uretth iment the wippionghrid pbogss72F/ 220)
Extrusion Rate: 0.23 nil/nun Extrusion Die Oifice:
0. 033ke-upmEwit forslleshthd figel prodi@B@'a spddR #1 Dryer Length: 1
in 7R #1 Dryer Set Point: 425C [0112] The thickness
of the PVA | ayer so extruded was approxi nately 10
m crons. 32 WD 2004/067259 PCT/ US2003/041148 [0113]
-EXQymﬂﬁ%yanple 1, two |ayers of concentrated Nation
| utigon were extruded onto to the PVP/PVA-coated
[°1f1P}o rhollgy prgrofihequg I*@%‘B’s‘%‘iﬁ‘%?éﬁ‘i‘? [percqrent gollggten sesnblyetgtiphsicated

heat t T f PVP 60 i
by PR f{rﬁ?fh% Fﬁ“‘?%g@ Biggial, ceerbitg et dhaparee was

rface to f i tat furth val
co B RS RSl B e L PSS b oK g o
rane/ nner rren ol
desg’é‘%é?r% RO et (PR S8 ARG o ailynf &gfor pva
EivgaL, 480 #d.£h respectively. A conplete
( %@Cr%??%rous {%eﬁﬂﬁ?e was formed by depositing an
i nner and an outer electrocatalyst | ayers on the inner
and outer surfaces of the hollow m crofibrous Nafon

[010BNRE iR ousABRLRY ofHVACH A rébRe® B SadCitl HRMvitOIE 8O Qolymer in

on the shell side of the catalyzed ti on menbrane, "as
hot @BET Wil ekirtiflz. EPha MAM A8 cdncermdMPhiEsudh solution was 13 wit%, which gave

sufficient viscosity for the extrusion process. To ensure complete drying of the PVA layer, a

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

Line Speed: 1 m/min
Exfrusion 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: Im

_'IR #1 Dryer Set Point: 425°C

[0112] The thickness of the PVA layer so extruded was approximately 10 microns.
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[0115] A mcrofibrous fuel cell was prepared as

follows: [0116] A renovable |ayer of polyvinyl
pyrrolidone (PVP) was first forned by extruding a 45%
W ¥hou@er2460 PVP sol ution (supplied by BASF  pcr/us2003/041148
Corporation) around a titaniumwre. An inner

el ectrocatal yst | ayer was then applied onto the

[0RYPAGGRELEhpI T, 8w lla¥rerk 0K cod¥dntratsd Wifion F¥ation were extruded onto to the
menbrane-form ng | ayers of concentrated 32 w % Nati on

PVREVU-toatad il ewtsegueaiubRipleytiyaxt to debired le@igiandbeaiiraated €The layer
el ectrocatal yst |ayer. [0117] Specifically, the 32 wt%
of ¥R G vas AtstrbmiNeddi with wgid walst, ad meid plyyide vapmewal integfa to facilitate

diluted Nation solution that contained 20 wt % Nati on
furthe0RERYa] ¢fitherf VSolapar bp nsitbsohin bbibggyyatetnc. ) in a mixture

of al cohols and water. The concentrated Nation

solution had a viscosity of 890 poises, as nmeasured

bX a rotational visconeter (Brookfield LVT nodel) with
(0142} Ahes pliqyy) raicigfibrgus Nefon [gembge/ippe cument (cqieptor pgenphesp formed

for fornin% the inner el ectrocatal yst | ayer was

had;inaes andeyyten (lameters of 10g and 199 migons) reprsREs g he corpplgle mirgpfibrous fuel
1gla%k ( H, Spec .1000 frOQ%Qlfa Aesar) 16,0 33 w% )
celDBAPHET 5% S HOTHI SEIH Prser ST Sl Gl SE By treihe Sng agd puter
ueaus fion | uti (frgm Sol ution Technol o
surfed 7 42 oo SrBrs NBon raéing % b Pl o7 o g gl collectr
j ' 4 milion My. i ght averaged
on 2 i Giat bt e e e ol aire B R Bp R0 21
Nafion. The viscosity of such catalyst inlc was about
9 poises, as nmeasured by a Brookfield LVT rotationa

exdhAs@Reter wth the #4 spindle at 60 rpm [0120] The
process conditions for the above-described extrusion

[01P5]O& @SG S rétk BuePsslvab fipdrdd ab RBowd: Ol | owi ng Table I11.
Each of the extrusion steps were perforned at an

anbi ent tenperature of approximtely 72F (22C), and

the drying was done with a nmedi um wave infrared unit,
[0116] & tr@tioval®lager of ARkl Ipbrrolidone (PVP) was first formed by extruding a 45%
Luvitec K60 PVP solution (supplied by BASF Corporation) around a ﬁtz_mium wire. An fnmer
electrocatalyst layer was then applied onto the PVP-coated wire via ink extrusion. Two
membrane-forming layers of concenirated 32 wit% Nafion solution Were. sequentially extruded
ﬁver such inner electrocatalyst layer.
E t0117] Specifically, the 32 wi% concentraied Nafion was obtaimed by evaporating a diluted
“Nafion solution that contained 20 wi% 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 _ o L% weight
Platinum black (HiSpec 1000 from Alfa Aesar) 16.0
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I nner 32% Nafion 32% Nafion Material: PVP 60 Bore ink
1"Layer 2nd Layer Line Speed [mMimn] 3111
Extrusion Rate [m/mn] 0.54 0.25 0.43 0.43 Extrusion
woeod@osfzsce 0. 053" 0.057" 0.047" 0.047" EXt pusiuSoslisRias
ID- - 0.039" 0.039" Sleeving Die ID x OD

0. 023"x0. 032" 0.033"x0.0425" - IR Dryer #l Set Point
[ (] xp@izad@2t875 375 Applicator for 20 % Nafion3so yes
no n%aw@uwy@n seipti@dfrore§pintion[Tejhndlogy, BES - - Lagsr

Thi Knechgeryhis asions] 50pm 20m 50m 50m [ 0121] Theé4éut er
di ameter of the nulti-layer assenbly so forned was
approximately 800 to 810 mcrons. [0122] Such:

ﬁéitl-lgyer assenpbly was then cut into desired
[0} ehdrd” PReBT Cerdated mibeNE (yeight ayemget molasilar Greighty dissolved

V. nbrane | ayer ink, by brushlng a
in gé% %ﬁO@@iaﬁNﬁ&ﬂg% SVERSIEH A Hoh catglysicink asabpyt O Ropes, as measured
k for form ng such outer electrocatalyst
oy R LY Bl el bR £ 5odle o P8 g
~materials: Material % weight 34 WO 2004/ 067259
PCTI US2003/ 041148 Platinun1black (Hi Spec 1000 from

8 59
0Pl e P oo o0 A 5T AR i B et e Syt i e
o UEhle { 0 L OReRaLticle. o
B0 W g o) SRR
apﬁr&hmﬁﬁ? treepwas cslrahe gw 'dﬂm%nwa@ eSS h @ Ga Vi@ u:n?to Lrneter

for 30 m nutes, and

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} 0.54 025 0.43 0.43
Extrusion Die Orifice 0.053" 0.057" - 0.047" 0.047"
Extrusion Tip ID - - 0.0397 0.039"
Sleeving Die ID x OD 0.023"x0.032" 0.033"x0.0425" - -
IR Dryer #18et 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 20um 50pm 50pm

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

microns.

{0 122} 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 | o O Y% weight
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at 125C for 1 hour. [0124] The nulti-layered fibers
were then placed in water with sufficient tine to
di ssol ve and renove the PVP | ayer, so as to rel ease
wbeod¥aki29n nenbrane |ayer and to form a | unepct S48
the Nafion nmenbrane |ayer for passage of |iquid or
gaseous fuel or oxidant, but w thout renoving the
titaniumwire (i.e., the inner current coll ector)
t hePhitinym PRAABSpee OMFbetAdia Aker)of | br ous fuel caBB was
fi ndlelopizéowarerd by pl aci ng an outer current col liga8tor
at threeloohel[bhsed NagongblutibrdSeleton Jsédolagytincat al yzeds.Mat i on
menBekisaifiuernethylenapowder col | ector fibrous assenly.
EXAPREran prigiele gize, Addrich Cherisehfiprhmeny)t he i cr of i br ous
fuel cell was forned by steps simlar to those
described |in Exanple 3, except that a different
[024} dhs entalysiiek pagle Wrs élaedf%?n FroTERlERE ORE ab{R°6 for 30 minutes, and then
rocatal yst layer, and that an additional thin
atf)’"ljo(? B¢ PHE | ayer of PVP (Luvitec K60) was applied over
the outer electrocatalyst |layer to protect such |ayer
when passing the fibrous assenbly through the Puller

[0 ﬂ;ﬁ T{wy Iglglﬁe}ayef(e%u 1 glg v%t(eBer &1‘; %]eﬁ érp %/%t!érf% ﬂ{men% time to dissolve and
b di h

i A/ A S A T

Naﬁt’)’r'l é&?&m@@% if’of 2 e%fehlc\qgi? %a)seo gfugl or Q% '?'bﬁ th\é@ttrg'ﬁowng the

34.0 5% aqueous sol ution dl u

titak @RI (00 e i caneaiﬁcoﬂectﬁ .2004/ 067259 ,
PCT/ US2003/ 041148 20% a ol based Nation sol ution

(Sol ution Technology, Inc.) 7.6 5% Pol yet hyl ene oxi de
in deionized water 9.0 (600k Mv, Al drich Chem cal

[1EH MR atypletd Hoidrotiyals el &MErad Fhdll@ fdrRedB NAbiEQH oWVl BFrend coflector
at the shell side 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
clecirocatalyst 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

prepai'ed by blending the following materials:

~ Material % weight
Platinum black (HiSpec 1000 from Alfz Aesar) 16.2
Deionized water 34.0

5% aqueous based Nafion solution (Solution Technology, Inc.) 264
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(8 mllion My, Aldrich Chem cal Conpany) Pure Triton
Surfactant 1.1 (Triton X-100, Aldrich Chem ca
Conpany) [0128] The viscosity of this catalyzed ink
W8 2003RpRexi mately 9 poises, as measured by apcryysa003/041148
Brookfield LVT rotational visconeter with the #4
spindle at 60 rpm [0129] The protective PVP | ayer was
f or nexd aleyhot Wdsed INlifoq schion (ReRauSTdMIBlap ity on of 740 wt %
PVP 5#\eiyethilencontide in deloeeédvagat al yst | ayer. [0130)
Pr 0 @6k Msw Adlirith CirsnidabCorgety)udi ng t he out er
el eéYorfotyathplenestxide amdeioniagiidvatdne pr ot ecti ve PVP  bayer
wer & milliondi@pedith [Ohfmical Copankt r usi on Rate [nl | mi n]
0. 2BureExiton FuifasknDi e Hol e 0. 047" Extrusion TipliD
0. 495iton XR0pAYdsich FhenSat Copariamt) [ C] 400 Applicator for
40% PVP yes IR Dryer #2 Set Point [C] 375 Layer
Thi ckness [mcrons] -20 [0131] The protective PVP

- [0128)y &Ehe \Rigeostte 9H el caitlyzeh gl Fas spmsedmiidnt? pue.- Bxmpagsrdhy a
steps,_in which the renpvabl e PVP substrate was

Brop T LY § Bnsioped iy 16" e kpingiedt (HPEx anpl 6 3) (o
forma lunen inside the hollow mcrofibrous Nafion
menbrane for passage of the hydrogen fuel or air.

R o e SRR o

' r was forned thereover by using a
Pvﬁgﬁrgﬁoﬁg%wc%%}y%}h Fsol ution (supplied by Solution
Technol ogy, Inc.). 36 WO 2004/ 067259 PCTI US2003/ 041148

[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 #18Set Point [°C] 400
Applicator for 40% PVP yes
IR Dryer #2 Set Point {°C] 375
Layer Thiclkness {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 thercover by using a Nafion 1100EW polymer solution

(supplied by Solution Technology, Inc.).

36



[0133] Specifically, a concentrated 32 wM o Nafion
sol uti on was obtai ned by evaporating a diluted Nation
solution that contained 20 wt % Nafi on 1100EWin a
woxbodnenef al cohols and water. The concent rgd®eek2063/041148
wt % Nation solution had a viscosity of 890 poises, as
nmeasured by a rotational visconeter (Brookfield LVT
~ [013Dd 8pepifinkliyha eonéebirg@i Yo% Netfiodsolipion whOibB#kd Bushpod@ingé Sduted
Nafion sol ution was extruded onto the stainless steel
Nagipn sohition ghacentingliguwi’ NafitnortBiEW if ashdion ofajcobisls agl water. The
pi ston type punp. The Nafion coated wire was then
cor}&é@@@d 32 Fit’6 igiion spluteninasha vierpeityl o 8Ppaisel ad mpeurefl b a rotational
drying and curing the Nafion nenbrane |ayer. [0135]
visqogstes fPQ}‘@PléﬁfVEﬁ’é@é‘%@%ﬁfoﬁmﬁ]G ASW@re: Line Speed: 1
m m n Extrusion Tenperature: anbient (approxinately
72F/ 22C) Extrusion Rate: 0.43 niI/rrin Extrusion D e

I Q, 053" Extru5| on Ti 0. 026" x 0..0355" hypo-tube
[01p gﬂ}éﬁ & itiAn sqlutiop VRRE oS Rylert steed 7 1y ef%ﬂﬂuous

it Ve PP S S s v
= d f d. th h th
a v - BE SR o SRty N R R e

fi ber onto a spool. [0137] The Nafion-coated fi ber was
then cut into desired lengths, dried in at 70C for 30
Set at 125C for 1 hour. These
[01%%?%%3??@%:; SQE&F@%e then placed in water with
suffiheiepd time to all pyyt:he Nation nenbrane |ayer to
SWeklm@BeTdniRR8RY becommidets Iﬁﬁﬁbﬁﬁﬂm@l& ofrhhey) stainless
st eRlruwibs Bate: The 0. 020" o 84 @ihiness steel wire was
r enExtedot Dieftlem a hol | @ygam crof i brous Nati on nenbrane
haviEsgsianTibnner di anet ®0262001088" Bpb-aibe di anet er of 520
andRA@@Permengtions, respemtively. 37 WO 2004/ 067259
PCTIRUS26 @37 ot 148 375°C

[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
Naﬂon membrane having an inner diameter and an outer diameter of 520 and 600 microns,

- respectively.
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[0138] A conplete mcrofibrous fuel cell can then be
fabricated using the above-described hol | ow
m crof i brous Nafion nenbrane, by catal yzing the bore
wododfaglzk si des of the menbrane with plati np@yus2003/041148
catal yst, according to the catalyzation techni ques
disclosed in U S. Patent Application No. 10/253, 371,
[0E8{ Agormpleoningfiaro@0e! BRlbian therCha fiteitite@lnk @etabsve alkscaB@ollow
of the bore and the shell sides of the catalyzed
miNafibrows Nefivh maendrang, Ody3@alyFing techorpmenhel sigedoffthe membrane with
produci ng the mcrofibrous fuel cell include: Let-off
Pl@tl%m detflpat, aobreding foethe paidjzaBinrielhuiqliea pliselowst tin U Gatexti Application
or ap Iy|n the Nafion to the wire Piston Punp
%‘2 Y ﬁ?faialas ed8Umjeeqn currapt pedleetpr 4t orrly dBdliethork and the shell
ul ling unlt to nove the wire through the process
sideg g dhe gpelyipd Nafion mephraet the final product on a spool
EXAMPLE 6 [0140] In the fabrication of the
m crofi brous fuel cell of this exanple, the material s

i ncl ude: tit nLu wre wt O" di anet er
fm?ﬁi?%ff%})@?l%%@@%%?@ e 6‘????%0‘15 H@ﬁfc Rsfud
el ectr Layer. a 20 \/\Elghto/l\laflon(DuPont
DE- 207 %)%%ngko\{ SHERPBhncent rated 32 wt % Naf i on

sol y ormng the outer
el eg%lklgghg?raeﬁ dgéfgliiglﬁ%%g%%et%&ﬁ%ﬁems used for
pr Ofii‘ééfé# he m crofibrous fuel cell include: a

| et stand for the wre spool a single-Ilayer

extm&hﬁ%géﬁﬁgrg&d@étq%{epgné he catal yst ink paste a
pi ston punp an inffared dryer a coating die to apply a

t hi Belle@p@lingQnitid o AniW 26 dNaidh @ paRRbdt i on over the ink
a hot air drying chanber
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 elecirocatalyst layer
a 20 weight% Nafion (DuPont DE-2021) solutlon

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 wi% Nafion solution over the ink

a hot air drying chamber

a second extrusion coating die for applying the concentrated 32 wi% 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 ona spooi
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a second extrusion coating die for applying the
concentrated 32 wt % Nafion solution a second infrared
drying oven a belted pulling unit to nove the wire
Wwonouekshe process a take-up unit to col | eser/ihRo0s041148
final product on a spool 38 WO 2004/ 067259
PCT/ US2003/ 041148 [0142] The catal yst ink paste for
(0743} rifihn catdlyseink paserfordbrenddgrthciate Flygiocdtaysekyanass fepapd be tlending:
by bl ending: 20.5% by wei ght platinum bl ack (H Spec
100G05¥edmwalghbpltimea bleck7(388peé 1050 Hiotmadiacess) Naf i on
sol UBfecha §Toraqrer@dfaiion wtiediomddobyyn Tdchpldey I86.0f a. 5%
sol Gt B i solwtipryefplyttaenc oxidelis deinnicdi vaker (680,000 @PEO supplied
( 600y abbichixhmea! Serppsny.det-) by Al drich Chenical Conpany,
| nc 1y PuseB e durfptant Ghiiten 4 éblryaﬁdtiric(hﬂhbmieﬁ Crupgg, Ibg)
Al drich Chem cal Conpany, Inc.) [0143] The viscosity
of such ink paste was 22 poises, as neasured bY
0TS, JR¥ PEPHIO TR GERETOHAIS PYPS b FEREred b § RropKIddVT rotationsl

spi ndl e at , 0144] The concentrated 32 w %
“Sﬁﬁ?qt%ﬁltgﬁe#?%’?ﬁwgém ai ned by evaporating the 20 wt %

Nafi on 1100EW sol uti on obtai ned from Sol ution

Technol ogy, Inc. Such concentrat ed Nati on solution had

[01\%4]3 gg‘%% ce‘iﬁf?’cﬁ o%ﬁ?l I Se owasecr a?rt?ljri ¥, gor gsah axﬁ)‘p ?\{aﬁon
11@%\?&630&1&% ﬂtﬁﬂeﬂ@om@gﬁmgﬁéﬁc’%ﬁf' S‘l; #ﬂ%éo%ce%&aﬁgd I&a%fon solufion had

form ng t e outer ectrocat er was

Bl S R Bt e

#4 M £ kgad | uor oet hyl ene powder with 1 micron particle
size (supplied by Aldrich Chem cal Conpany, Inc.)
66. 3% of a 5% Nation (in a m xture of al cohols and
wat er) 1100 EWsolution (Solution Technol ogy, Inc.)

[0145] The catalyst ink paste used for forming the outer 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, Tnc.)
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 raée through the single-layer
coating die for forming the inner elech‘c;catalyst 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 wi% Nafion solution over the inmer elecirocatalyst 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 iomer electrocatalyst layer and ﬂm

next layer of concentrated 32 wi% Nafion.
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[0146] Line speed of the process described above was 1
in/mn, and extrusion tenperature was at anbient
condi tions (approximtely 72F/ 22C). The extrusion rate
wOnRe@k6he single-layer coating die for fopiiigobiiRiias
i nner electrocatal yst layer was 0.15 ml/mn. The set
point for the infrared drying unit for the ink |ayer
was 400C. After exiting the dryer, the catal yst-coated
fiber was passed through a coating die filled with
[OH47E ATOr eriting\hé botreisdyant 4 rond sgladayeocoaiyy dle @vad iedito apply the
| ayer of 20 wt % Nafion sol ution over the inner
copdepfetado Nefpan solwipw rwhichhvas puhibed Maf saerof| tadgenl/mias The second
dried by passing through a hot air tube, where heated
Nafipy laxgrsias fipd ine ipftareiolyver 210XZ5°CrhBhet Wefan-teajed rfibef wagGhen passed
wt % Naf i on sol ution was used to inprove adhesion
thogagh s belipg guljen foet tak-wrynitowhiehpousd ?ﬁa@t@rf offech whel- Srdxiafion-
I r of concentrated 32 w % Nation. 39 WD 2004/ 067259
°°‘ié%yﬁ%s%o%lg/?6w&i%§stﬂt pfather§-0%RF #up. amer plgetoprialypblayeof 10 to 15
dryer, econd single-layer coating die was used to
nngﬁﬁr?ﬂ?ﬁ@%m%@ﬁg WFH%F%€N§§%?NQ?PH% sol ution, which was
punped at a rate of 0.48 M/mn. The second Nafion
| ayer was dried in an infrared dryer at 375C. The
RS RGP Eohoe e vl SRR S i ot ettt ey

ake-u
. ; _ o : i
o Rty SR SR80, BRSO 0SBl
driéd i8 6 700C #drab ' i
NSRS e T s S e
plabddf i Ofr@ORte dufitiBR rinde® M thhassle skitdnd ﬁg&’ttg %Welﬂntgereby
an outer electrocatal yst |ayer was forned by brushing

separatiidt @b U201 Rlie FRST e OWHAGN LRRILNRS 'la?& eRhl g lifMLEnd outer
The catalyst ink was dried in at 70C for 30 m nutes,

cledREbtdIRE By, T8O Geth@ld d00OWire whDARE rSRtvEL HERYER, if)ftngl‘?gr Follow

were then placed in water with sufficient tine

fibedd doipritiNEa hfowORicBRRAAN I o B¥BFraddd 2 WAL clech it QYayer, and an
separating the 0.020" wire fromthe Naflon menbrane

outdrayeeitocatalyWahyler. abhet HaBov ARERY Wb the® Ylafd in ShBEERCRER] Y SSlution
| ayers. The detached 0.020" wire was then renoved

for 1 her ef remove ifnpirities) Ghel il INMM firic abid o Ser BiQHS feftbrd Gl1 Bkch@ldaB sites
~ mcrofibrous Nafion nmenbrane, an inner electrocatalyst
into| tep A8 forna metl Bmelly cedned wigh dehizabedtia laydsdriel ayy8PC fof bemiotk4. ow
fibers were then placed in warmdilute peroxide
solution for 1 hour to renove inpurities, then in IN
sulfa is acid overnight to restore all exchangeabl e
[0149] tSsbsequently, 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
i_nn@r 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 microfibrons

fuel cells.

40



into the If' form and finally cleaned wth dei oni zed
water and dried at 70C for 10 m nutes. [0149]
Subsequently, a 0.015" diameter titanium copper clad
Wbrzﬁo4(d67239 , t he i nner current col | ect or) y  APCTUS2003/041148
di sclosed in U S. Patent Application No. 10/188, 471
filed July 2, 2002 and the content of which is

[0150F Ahp airabieldnsite ofing obyich efcmtiereefutlRelis Shieik kbcat §” 16mprwith a 3
all purposes, was inserted into each of the holl ow

cnf’ kbfatesares eavésied ataniiOonfines. AN Hygbymens S4deditht SHOR Eide, and air
current collector and the inner electrocatalyst

wab fedao the Pove sidd @isudhumicrefitrowsdidl el outh stasate efAdrcelhit. Guirdn density
outer surface of each of the hollow fibers by a fine

was ppegsiaie M oo Wi bppéd”’ ehks eelisoun 6.4 velis, de cliomhtasityphast2as to
m crofi brous fuel cells. 40 WD 2004/ 067259

22(aAy/ow32003/ 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 thebore-side-of such mcrofibrous
fuel cell, both at a rate of 20 cc/mn. Current
density was approximately 135 to 140 mnAcnR at 0.5

38 Bt o AT A G
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er exten
such %Eﬂe@ﬁb(ﬁﬁéﬁoﬁ Lrihﬁ‘o‘ﬂg, i aﬁﬁﬁaﬁoﬁg %@ W@ LR 103 chard_ed as being
accordingly all such other nodifications, variations,

witRiR Blelsgiait dn@Biope GTIKL igvER@Ai Ments are to be regarded as
being within the spirit and scope of the invention.

41 WD 2004/ 067259 PCT/ US2003/ 041145 THE CLAI M5 What
is clained is: 1 A nethod for fabricating a

m crofi brous fuel cell structure, said nethod
conprising at |east the steps of.
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(a) providing a fibrous substrate structure conpri sing
at | east one renovabl e substrate nmnaterial in solid
phase; (b) coating a |ayer of menbrane-form ng
wabanjogtsover said fibrous substrate struct péfisaésbiiias
(c) subsequently renoving said at | east one renovabl e
substrate material, so as to forma hollow fibrous
menbr ane” separ at or having a bore side and a shel

side, wherein said mcrofibrous fuel cell structure
conprises (1) an inner THECEAIMSoIl|ector, (2) an

outer current collector, (3) the hollow fibrous

Winbisplebed isepar at or, wherein said hollow fibrous

1.

menbrane separator conprises an el ectrol yte nmedi um.and
i s Armetheicior fabrigating mmierefibrays tfiel cebstivatyesy saidmethert comprising at
collector at its bore side and the outer current
col lea¥thspteppofi t s shell side, and wherein the bore
ow fibrous nenmbrane separator further

S|ﬂ§?of sai.d hol]| :
i s elogdingpbous spRstirtH S HECaFRrisgE 4 feqsf gne removable substrate
t heret hrou n inner electrocatal yst |ayer

coat i ng %ﬁggéwgﬁ%ﬂﬁﬁﬁM/f|brous menbr ane separat or at
its.bore S|de 5 ter el ectrocataly r
coa@?ng 8n &MWBV%‘%WT ﬁ%?%ﬂemﬁﬁﬁﬂﬁaﬁ%wmalgﬂmm
its shel e..2. The nethod of claim1, wherein said

at | east one renovabl e substrate material is selected

AR 0,0 LIRS LBl

met hod %m?i 1?611% Jﬁbro%‘ﬁ&@dr&e%@aﬁto@ﬁ v*:ng %%Bre %ﬁ@ar{d%'!ﬂe‘ﬁ%ﬁie

substrate naterial conprises a mat er 1 al

sel gxd@dlsdd R dEBRudfutURN %ﬁ&§$o‘nﬁ%e@tl) af ifleSRbrbR e8ilector, (2)
materials, alkali- soluble material s,

Or gatiuter a@ﬂemamecﬁ@ (3 Bhehon®Y BB bR se?ﬂﬁt@tr, wh&kib Bki®hollow
materials. 42 WO 2004/ 067259 PCT/US20031041145 4. The

et fitwehs Glentbtaae sapdratombr@ipiked af alethroBite heRSH a@Ne i @sritalldoiact
substrate material conprises a water-soluble polyneric
matveith &t insel contnd dolfertomattith ®org sidel pndctha st teinmant efllector at its shell
pol yvinyl pyrrolidones, polyvinyl alcohols, and
polsydst hyd eheacigl e bbrs . sids. of Thaal hadlblolbrafs wénstirame Iseparator further
wherein said at | east one renobvabl e substrate materia
Comﬁmplgs@g 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

elecirocatalyst 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, allali-

soluble materials, organic-solvent-soluble maferials, and water-soluble materials.
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pol yvinyl pyrrolidone. 6. The nmethod of claiml1,

wherein said at | east one renovabl e substrate materi al
conprises polyvinyl alcohol. 7. The method of claim

o 20h@s@kan said fibrous substrate structure sEN8i®EF041148
essentially of said at |east one renovable substrate
material in solid phase. 8 The nethod of claim7,
further conprising the steps of. (d) attaching an

i nner current collector to the hollow fibrous nenbrane

. sepdhamehodatf clhinel, where ssii atdgast(oad reabtdthiubtyata matptiil @omprises a
current collector to the holl ow fibrous nenbrane
separiat-wiublgt peljreerics efetial sicldeted (o ther piong camsistinnef polyvinyl
el ectrocatal yst |ayer on the hollow fibrous nenbrane

s epayEligenes polyviayl algehiobs, aid delyetiydpne glgeols- ng an out er

el ectrocatal yst |ayer on the hollow fibrous nenbrane
separator at the shell side, wherein steps (d)-(9)
can_be carried out sequentially in ang order, or two

- or rfraethpd of glagn 1 ,Sxylgfpén il at Joast pag emeigbly fpbstrate material comprises
si nmul tan ousB i n any conbination. 43 WD 2004/ 067259
1'CW#U@?§@§W %¥T48 9. The nethod of claim1, wherein
said fibrous substrate structure conprises a renoval
interface in contact wwth at |east a portion of said

. oné r:zrr{x Na%r E&%Y%fqlel%f’nsslﬂl Sa} fe%%g e rgnaltv%f;ll %Lllbsstr%(\a/m Iat%{i]al comprises
faciTitates renpval of Said a eas one substrate

"ahgﬁkﬁbld&@mlThe nethod of claim?9, mhgrein said
renoval "I nterface conprises an open cavity inside

said at | east one renovabl e substrate nmaterial,
t hrough which a renoving fluid can be passed through

. 10 TIRMRYIRI A €WRMEIR LA SR LERES: SRLBFd Bhsistslebsenthll§ of said
met hod of claim1l, wherein said fibrous substrate

St 1 44 ¢astlofe 16RAFAbISEStrae Mhtfrfl in sbIRTPAYRD| € substrate
material, and a second renovabl e substrate material in
solid state,
The method of claim 7, further comprising the steps of:
(@) attaching an inner current collector to the hollow fibrous membrane separator at the
bere side;
() attaching an outer current collector to the hollow fibrous membrane separator at the
shell side;
(i) forming an inner electrocatalyst layer on the hollow fibrous membrane separator at the
bore side;
(g) forming an oﬁter 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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wherein said first renovabl e substrate material is
nore readily renovabl e than the second renovable
substrate material in solid state. 12. The net hod of
wbauidhse wherein the first renovabl e substr a&fusio03/041148
material is renoved before renoval of the second
renovabl e substrate material, formng a renova

9.1 nt dht arthol of chacil) whadie sdie fibrad subkirateh@rusi@@ adthprises a removal
renovabl e substrate material. 13. The nethod of claim
1, whefed m emiadt Withpioleast suissiionadfesakit o ot tmiee Comtils atbstrate
nore than two renovable substrate materials of
di f fretegalt, whishndagtitsitds ramoyal af saidoh behst omessulpsfratediaiehiali s i n
solid state. 14. The nmethod of claim1l, wherein said
fibrous substrate structure conprises an inner current
collector, and at |east one |ayer of renovable

105 b dhe meoheltdtin Q) whisen saigreswent igefage powrnsiees ag gperegayily inside
coIIector so that after said renovabl e substrate
mat &H9 &) legsk opegrspowhle sphsiate msierpla fewel Piich g THmewRY Hid can be
| ayer coati over said fibrous substrate structure
forﬁ?“%ﬂ@m%ﬁ%PF@WmFW FoRpLfbirals@estdar ator, with the
inner current collector at its bore side. 44 WO
2004/ 067259 PCT/ US2003/ 041145 15. The nethod of claim

14, h f hi
1150t T TP oF BB S P 5+ ERRe Bis ot E%F it
Sep&%a%[e & st{ta!g, atéﬂle |3J1d 3 I %gn%l(ernl)ova%% sq:](gtc%t 1n sohd state,

el ectrocat al'yst ayef on' t m1f| rous e

sepgralip Eaa@msttﬂ::lﬁ vahi@ rsxﬁ:st?dt@ﬁater%ﬁ f s ko l?%({]}l? r&%v&ﬁ%@gn the second

el ectrocat al yst ayer on t ous nenbr ane
SePARBHSL MarkD RISl biide, Wherein steps (d)-(f)
can be carried out sequentially in any order, or two
or nore of said steps can be carried out

. simultaneously in any conbination. 16. The method of

12.cl atmwe nefhod \Whelkigi I, $Rdréin fhie BifsOttfo SRS BsREE nfifefial G4 ddfnBved before
conprises a renoval interface in contact with at
| eastoal pditie @rondfremesablle| salysdtite Ghatdria) Tunadideea Sehehr Aitegface to

materi al ,
facilitate removal of the second removable substrate material, -

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

state.

14. - The method of claim 1, wherein said fibrous sitbstrate structure comprises an inner current
‘collector, and at least one layer of removable substrate material coating over said inner
éurrent collector, so that after said removable subsirate 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.
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which facilitates renoval of said renovable substrate
material. 17. The nethod of claim 16, wherein said
renmoval interface conprises an open cavity inside
woiob4odires of renovabl e substrate material ap@ras2003/041148
adj acent to said inner current collector, through
which a renoving fluid can be passed through to renove

15t he Thenethabbizlagt b4 fkhtreomprizingtheateps dfB. The net hod of

claim 14, wherein said fibrous substrate structure

conid)i atleshig #ni quist clreeytiedollefor tathe iholktw figomvedadbene separator at the
substrate material coating over said inner current

col | echeltsidand a second |ayer of a second renovabl e
substrate material in solid state and coating over

sai €p)ffomgng an iee plectapriplxnarce prihe boligwitibross mershmoe atpktor at the
substrate material is nore readily renovable than the
second%Fifvabl e substrate material in solid state. 45
WO 2004/067259 PCT/ US2003/ 041148 19. The net hod of

cl afth BRGNS HoRwtystlster sdhpbolisr dbsypsermtatug separator at the
mat eri .S renoved before renoval of the second

r em)vzfg‘i’ Isideypstrate material, forming a renoval

tefface t Li tat | of th
- orSUaB by BT b e e LSt gt Rt gy i s

14, er ei .. sak ous substrate structure conprises
b

mor & T han t wo tsmﬁlgtang?us Q/'a%rfi% ilu’ﬂist rate materials
of different rennvablllty coating over the inner
current collector, and wherein the outernost |ayer

16.COMPEd S8 oPof &.ﬁﬂv@b Igﬁer@i# Qﬁf] iBtofis Ed%@.lrva'g]é Sructd S8h dtl]sgs a Temoval

17.

gt

state. 21. The neth alm1 erern sa

fi bf@BecSHRE AR 3T EMES HérBorC AR 1888 010 Rovable Tt material,
sol ubl e fibersiplaced adjacent to said inner current

col WEiek REilitawh REBV oSRidderitvall €Al Meudriayer  of

renovabl e substrate material coats over both the

soluble fibers and the inner current collector, and
wherein said one or nore soluble fibers conprise a

mat Brei mdthodfof lalaiyh &F, whereinsaid birloivil yntérftad cdnipsites @h opd @avity inside
renovabl e substrate material. 22. The nethod of claim

1, saldelresc wf samatelflé bubsne sairst ma:t sljmtnt ue baid emeranpent sekector,

an inner current collector, | east one | ayer of
r erfeipBg whidubsmednelvié carbe aaSS@dhpughg:o oreve tha redovabiremubstrate
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
i_ayer, 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, and an inner electrocatalyst |ayer coating
over said at |east one |layer of renovable substrate
material |ayer, so that after said renpvabl e substrate
WBL6isogt2s9 S renoved, the menbrane-form ng npEET§Rb3041148
| ayer coating over said fibrous substrate structure
fornms the hollow fibrous nmenbrane separator, with the

191 Nndhe eithodesiclatoll $, @dik@inh tiad firstiréSovitde eb&iatkanadd] & Rehoved before

i nner el ectrocatal yst |ayer coating thereon at its

bor eersiveleof 188 sechink ra@bdbied subbtratd mkteni? 2 forrhitg tah@moval interface to
conprising the steps of (d) attaching an outer current
col Heditate removat ¢fdhersedohdmmbibiecuistrsrembtiedie separ at or at

the shell side; and 46 WD 2004/ 067259

PCT/ US2003/ 041148 (e) form ng an outer

el ectrocatal yst | ayer on the hollow fibrous nenbrane

205 e pdpameirodnl cleiel4, whatip said Herousspsiredt Fruginesremprlps Pedy than two

21.cav ‘Tﬁé’ métﬁ'c?d' (g’ Qlain?

can_ be carried out either sequentially in any order,
or YFRIOF ETeERhs %“F’S‘Ia@@at‘?]ﬁ]é Og'é{ff?ﬁﬁt ERovEbRih§optng over the inner
wherein said figr us, substrate structure conprises a )
r enBYERE coflgefom A éfger?]ﬁ the SHEmRaSt Mot FPmIprises @ Aerpovable sbptatfhat is .
of saig at | east one layer of renovable substrate
mat &% S@hi ch facilitates removal of said removabl e
substrate material. 25. The nethod of claim 24,
wherein said renoval interface conprises an open

‘%, Q?Vh%%inl sgﬁ%itbm%? thblst@#eesr &ch rc%n@}?ﬁs@? J)n% Or more
substrate materi al’ and adj acen 0 sald rnner-curren

col L @iefhers &;ﬁEéalA%'chlﬁ\ﬂb &Ry & %EH%W &g%:fcdr,%}gre 'dQﬁeast one layer

passed through to renove the renovabl e substrate

Mat §ff leAbvabié Gubsttiie niAREA QEatO byt héth MeZBbIRER IR BRIikher current
fibrous substrate structure conprises two or nore

| ayedisct@f addenRyabkad SHP&T faleoliBle &lted| dmpPfised hb@AA N higher
renovabi lity coating over the inner current

cOl et tbllity tandhatbheleotabR i@ A@Skal | ayer conprises a
renovabl e substrate that is in solid state. 27. The

nmet hod of claim 22, wherein an outer el ectrocatal yst

| ayer is coated over said nenbrane-formng nateri al

22.| ayEhre nhpdifod obclami ldwhaeimsaabiiteos sistatattectnmtcempides dngnner current

23.

removed, so
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
_ sﬁ‘uctl.lre forms the hollow fibrous membrane separator, with the inner cwzrent 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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that the holl ow fibrous nenbrane separator

subsequently fornmed has the outer electrocatalyst

| ayer coating thereon at its shell side, and wherein

WO 20udfog2scurrent collector is subsequently pétache%he1148
to the hollow fibrous nenbrane separator at the shel
side. 28. The nmethod of claim1, wherein the

el e€®)romyitgannat elentrofatatyat ldyeh o tholslbivifibusmemtitieaArator at the
separator conprises at |east one solid electrolyte

mat er i sell sidey WO 2004/ 067259 PCT/ US2003/ 041148 29. The
met hod of claim 28, wherein said at | east one solid

el ectheroinyteps (Mafeken b¢ captadont eifhs sepentighy-iexylvateg or simultancously.
ceram c, or an ion-exchange polyner selected fromthe
group consisting of

perflurocarbon sul foni c-aci d- based pol yners,

poI )}Fgoa rebad D%ﬁg}@dzzp Hhgrprsaid fibrous substrate structure comprises a removal

perfl uorocar boxyl i c-aci d- based pol yners,
st y .mé%fgcw ﬁ%tacb@ﬁkﬂé st POTig P%Salél@f ashenedeyer Qfaenyvahle subsirate
and st t.adi ene- based pol yners. 30. The net hod
of &F ta‘)hlg?t‘éﬁ ran%VéF‘if SHO TGO SHsBHE mAE A ane

separator conS|sts essentially of said at |east one
solid electrolyte material. 31: The nethod of claim

25 27 ngtﬁddnof %%lng 24[] %l'h!er%glv sgld?'rn(i)ov &%r?é?o&%pﬁ?%%r gctnocaw side

croporous, and’whe

][mt ?a‘id Qlleak nla 5@:9@&&0%&1& Ehbgg?gerﬁ%&{a??rﬁoaf a?e%{ ‘% sgﬁlumer current

brous e e separator
f abédll@@&r' ﬂ]ﬂ)u tha{ &feh%ﬂéjﬁ’%lé l:’hﬁlbe %Lé tﬁr&fg'ﬁ G4 14fSve the removable
conprising t e steps of ing an I nner

Cur §B8tateGRiidgct or of a n1crof|brous conformation; (b)
form ng at | east one |ayer of renovable substrate
materi al over said inner current collector; (c)
form ng an inner electrocatal yst |ayer over said at

26.| eastie mdtiedl ofiyieiin 20, wheem \sail [fBrous b Statcat: Cotia b@fiirRds; twb &) more

27,

28,

formng a menbrane-form ng material |ayer over the

i nnieyerebioemnoablatvelsyst mamyids pf diffedntfrenavalility avatihg to@er the inner
el ectrocat al yst | ayer over said nenbrane-form ng

mat @irrentlcollcgipr prnd wifefein the nwwtinog layei @mptiseh @ astovablvesubsiryie that is

of renovabl e substrate material; and
in solid state,

.The method of claim 22, wherein an outer elecirocatalyst 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 methed of claim 1, wherein the electrolyte medium of said hollow fibrous membrane

. separator comprises at least one solid electrolyte material.
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(g) attaching an outer current collector to an outer
surface of said outer electrocatalyst layer, so as to
formthe mcrofibrous fuel cell structure, which
wWO4j0sLse (1) the inner and outer current Cpbhﬁgk&ﬁﬁr“s
~(2) the inner and outer electrocatal yst |ayers, and
(3) an hollow fibrous nenbrane separator forned by
295 ai AheRRRbAEEfia0E] WigebdkRlat Bhst batyhid I WAEKH R dhtdriFoomprises an
hol l ow 48 WD 2004/ 067259 PCT/ US2003/ 041148 fi brous
e mMivnadRehaS gN@FAtiQ lor AP EcB@Se Pulyn@ir €slécted| RGiEh R ¥ adtEly of
has a bore side and a shell side, with the inner
cur pefitrocobdnesolf@ic-mitkhatelie | poigmergl ectpolyaffond-y:sdd | ayelymers,
at the bore side, and the outer current collector and
t he reflt@pcadiongdicraoiddtadl y spolvimayser shrent-vaylivedehe-gilithsc-addibased
wherein the bore side of said hollow fibrous nenbrane
separlnes, shd syrebugdispriasedolames.umen, which is forned
by renoval of said renovable substrate material, to
al | ow passage of fluid therethrough. 33. The nethod
of claim32, wherein in step (b), said at |east one
304 ay &he Frethed 176 P o285 e aseué hOHav ftras Thegnbane PeRpray cgnsists
met hod s Iect dfromth conS|st|ng of melt
ext PEAHBHY, of seig phieasigme %’5’85?1 matERL ext r usi on,
spray- coatlng brush- coati ng, dlp coati ng, and vapor
deposition. 34. The nmethod of claim 32, wherein in
S R S PR e SR Aoy s i
et Q'Ridwhe‘feWe fxc{]tgle%a . a]{ia%glal ise I(eFr)ateglr Iovjmcqrfl%{(])%s gf said hollow

nmol t en rennvab e su

alﬁmggdﬁg&égg%%gg;e substrate material over the

inner current collector, to forma |ayer of a
pr edet er m ned thlckness; (iii) cooling said | ayer of
nol ten renovabl e substrate material for a sufficient

32.per hadtel for&“deEa.ﬁn%@mﬁ;ﬁ)ﬁbﬁuJﬁiél%lﬁsti%&bﬂeddo hﬁﬂné R
sai d renovabl e substrate material. 35. The metho

cl adayn 34providisy @i ifhet lre@@6llcbiBBofia Snic it dorPbtnadnt he r in
the air, or in aliquid bath containing a liquid that
doe®) notfoimitgeatdebt onk lakertoh esmioesbiz\vsabitrete stabegiblr @ tresaid inner current
material or the
collector;
(c) 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;
3] removing said at least one layer of removable substrate material; and
(=) attaching an outer cutrent collector to an outer surface of said outer electrocatalyst
leyer,
50 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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i nner current collector. 36. The nmethod of claim 32,
wherein in step (b), said at | east one | ayer of

renovabl e substrate material is fornmed by a sol ution
wolossrse net hod, conprising the steps of: (¢r/us2003041148
providing a viscous solution of a renovable substrate
material; 49 WD 2004/ 067259 PCT/ US2003/ 041148 (ii)

ext fitbungesiaig sepastauwsmmidetiin devtrolyermddtugn 4ndngs a Gore kdAtnd a
collector, to forma layer of a predeterm ned

t hi challegls,; with thé inere@itrem gokkatod addayeimmafelevir@eilyst layer at the bore
solution of the renovable substrate material for a

suf fideieadthe gusricergenbdollediorand oo etecirdbanipst Zayerait thel Bifell side, and
| ayer of said renovable substrate material. 37. The

et Hbercsfthe bae sdg 6! saih dellovniilyensomendna sbitatates Uiydher qoreprises a
material conprises a water- soluble polyneric

mat &feal whichigfofprdrhyiremevale! vid g eblesihstrpte matsshie plavspagsage
-visc$ s<%qu ous solution of said water-soluble

mat 8t fulf thetefBrougine net hod of cl ai m 36, wherein said
renovabl e substrate material conprises a polyneric
material that is not soluble in water, and wherein the

R SRR T U BSRERRSLh e

sub ur,in he .dryi ng step. 39..The .
ot AR faed IR YRGe s A0f off ooy of it i Fosion
t he v s al : -

el ef/%]i?gg e?@ ﬁ%g’r g]?%%%&%ﬁ’d i r?% a hgfa&a{ogtgrg'feglpgﬁtogh\% teg oo
tenpebaidir € during the extruding step, and wherein

the treating step involves thermally induced phase
separation of the renovable substrate material from
said solution. 40. The nethod of claim 32, wherein in

34.St ePhe(rhcthod $8b18kmi 32 Wher@h RGlep 00 ahlayBist bidVBer biSehObBIB thibstrate

35.

36.

by a nmethod selected fromthe group consisting of ink
ext matsriad 3 formipd By R eElbdxirGgon dtied cot@ading 1k stepdbf- coat i ng,
chem cal deposition, electrochem cal deposition, and
vap@r poeiding i motien redddvablElagsimd aetiabf cl ai m 32, wherein
in step (c), said inner electrocatal yst |ayer is
f or fig gxtbgiing said molten removable substrate material over the inner current collector, to
form a layer of a predetermined thickness;
(iii) cooling said layer of melien 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 subsirate material or the

mmner 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:

(i) providing a viscous solution of a removable substrate maferial;
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an i nk extrusion nmethod, conprising the steps of. (i)
provi ding an ink paste conprising an el ectrocatal yst
material; 50 WD 2004/067259 PCT/ US2003/ 041148 (ii)
wabod@dsngp sai d i nk paste over said at | east peguiaNAliiias
of renovable substrate material, to forma layer of a
predeterm ned thickness; (iii) treating said |ayer of
i nk (Hestradifig saidivisnghsf sobitiemovep the iimmelr @ifredticoiiectos do &8mtadayer of a
forma solidified electrocatalyst |layer. 42. The
met hoderedeteghingdhignesswher ei n sai d el ectrocat al yst
material conprises netal selected fromthe group
condtidiraating ed favert ofnvivppusyisiudion ofi theereinarablei subdiatgrmaterial for a
pal | adi ym rhodium nickel, iron, nolybdenum
tun gstS@Fﬁmﬁ‘i RSP A8t 8P 281 1P S o lidifingflayen af sarﬂﬁ@nweblh @idpstrate
of claim4 wherein said el ectrocatal yst nateri al
conprﬂ@@?m tal selected fromthe group consisting of
pl ati num and pl ati num all oys. 44. The nethod of claim
41, wherein said ink paste further conprises an

i ve

I I h
el ESRELEALL ¥ s i Fihs emoz%h? w@auaé“ el ?%%%ses e
a S QAhYb%jﬁolymA&%c m-g%ﬁal nat%h ﬂg' 1: e wscouts g(ﬁ%{m G?Fﬂl%rgfs ] ‘PSCE’RS agueous

I nk paste-conpri ses roca
an gﬂﬁﬂﬁ féHHJ Qﬂ%ﬂ& oto about 90% based on total
wei ght o% sal astgéY46 The nmethod of claim 41,
wherein the treatlng step involves either thermally
drying said ink paste, or contacting said ink paste

38.W t TheamQAGE biad I80wRESN aid frfiovatil Subi®hd\p e cdﬂpﬁba@a Pélymeric

39.

40.

41.

wherein in step (d), the nmenbrane-formng matéri al

| ay@ieris thdt Q8 mesdiibledinMRitO and @h@6ih ask Tk khlRidr QBPrises a
consi sting of nelt extrusion, solution extrusion,

S priayyrcaddn styenthvhisindiesoltd af, polineri€ fatklidl @ad *Hich 4 aRREquently
deposition. 51 WO 2004/ 067259 PCT/ US2003/041148 48

Theremevaddarimgfthadrgingstd?, wherein in step (d), the
menbrane-formng material layer is
The method of claim 36, wherein said viscous solution of the removable substrate material
is formed at an elevated femperature and maintained at said elevated temperature during

the extruding 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 clectrocatalyst layer is formed by
an ink extrusion method, comprising the steps of:

() providing an ink paste comprising an electrocatalyst material;
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formed by a solution extrusion nethod, conprising the
steps of. (i) providing a viscous solution of a
menbrane-form ng material; (ii) extruding said viscous
wolwdsoenzsover the inner el ectrocatal yst | ayeper/itiSodssis
a layer of a predeterm ned thickness; (iii)treating
said | ayer of viscous solution of the nenbrane-formng
mat &1)ieafudingrsaid inkpadtd over @ittat losst dmedayef oftrént®able absiSitetumterial, to
forma solidified nmenbrane-formng material |ayer. 49
The ndertvodaxst of raddntert8neditfacke¢ssi sai d vi scous sol ution
conprises said nenbrane-formng material at an anmount
of fil)diseting stid laygod inks pestsdona sslimenaseqd of fime.op a$ toveringtsplidified
of said viscous solution. 50 . The nethod of claim
48, wibFEIcpIEg YT br ane- for mi ng material conpri ses
an i on- exchange polyner selected fromthe group
consi sting of perflurocarbon-sulfonic-acid- based

sul f one- based

I I I

42.2& eu::raéﬂéc@gqof |4il tW@ﬁ*ﬂﬁ%@%go‘%g‘fV%%’E?t?}m comprises metal selected
stygene-vi nyl - benzene-sul f oni c-acj d: base ol rs, .
oS VAR, PS5 AL Boib GG, Taulppee i gaodian,
of | m 4 er ej N _sai d, menbr.ape-f.ormi ng materi al
et Bot oty SR Bl B8 ion BB BSG el e - 5
The net hod of claim 48 wherein said viscous sol ution
conprises a perfluorosul fonate- based i ononer

43.di sl &khai dt cﬁmi,%ﬁeéh?éaﬁoélec%céﬁ%%%méﬁl J&rﬁ:ﬁge‘é%%’ sééécted

cl ai b2, wherein said viscous sol dtion conprises sa
perfdHoe oS écaaaﬁlgu%@ﬁﬁﬁlq 2hOAEE 2@fys.an amount of from
about 10% to about 50% based on total weight of said
vi scous sol ution. 52 WD 2004/ 067259 PCTI US2003/ 041148
54. The nethod of claim 48 where the treating step

44.1 nvilevasthel bhehint Ber whdrbiy Gidyink pagaifatthey ic6GRUSs an elecirically
solution, or contacting said viscous solution with a
c o aguduativengataipk nh ionshchaigeepolyeietio thatefialct adlpmea® hiidigehaierial,
the treating step involves first thermally curing said

and a solvent.

45, 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.

46. 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.
47, 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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vi scous solution at an el evated tenperature that is

not less than the glass transition tenperature of

said menbrane-form ng material, and subsequent cooling

o‘&o %I d sol ution. 56. The nmethod of claim 32, wherein
0( , the nenbrane-forming material | Z§EUSIE3/041148

formed by a di p-coating nethod, conprising the steps

? ororib cnrl}g 33 v\éll? S%}ogls%q%oejl) aaedn%%éﬁe—ﬁwl rgpterial layer is
VI SC#%%ed% %'chﬁti%ﬂ ;?%% mgﬁ%lé%omlpm eltgct rocilt al yst |ayer,

o form a aye ness;

fn'e 'w'b ag Qﬁdﬁggvﬁ&bgsolhﬂ)ffgfa%emﬁaﬁ fagﬂ%?ggbgﬁ jion of the

mat eri al L Clant period of

Ui Mg g LB $i&

mat ey oAy e i SRR ks REPAANSbRE ] Bl e ot
i N St ePreldminsPinfii@sd €r el ectrocatal yst layer is

f or med by a method sel ected fromthe group consisting

of i@iytrexhg USH Aijer SPHRYuE QakidATef ME UALERBFdrRBlg material for a
di p-coating, chem cal deposition, electrochem cal

deposi hiffiient SHfidd YRR sode beErkntal s@ﬁmﬁeﬁ&nemﬁhﬁe-@ﬁaﬂg ghatefial layer.
claim 32, wherein in step (f), said at |east one | ayer
of renovabl e substrate material is renoved by a

nmet hod sel ected fromthe group consisting of

49 sublTheinetod ofdidin IR wheinchaid v solutign saiptisés@nt valbene-forming
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53

substrate in a solvent. 59 . The nmethod of claim 32,
wheriestaniaketiad apmonnd \od iilom sbodyl0Yeatd ebmi te¥itated cortrl waght af said
soluble material selected fromthe group consisting

of dércerssdrtignl e materials, alkali-soluble materials,
organi c-sol vent soluble materials, and water-soluble
materi als, and wherein in 53 WO 2004/ 067259

PCT/ gszogﬁlo 1148 step.(f), said at | east one | ayer

O of fl &f slaias $-aphsrsim st merbraney P‘@ﬁ’&ﬁ/@ﬁt%%} comprises an ion-

d'ofsez%%'gggaog%}%ggel%f%%ﬁ@%g%%?oa%@g AL -

I k

ol anea s SR, iRt E e BRDuEE Rl Bfgfas%?%‘mn@a{ b Sbmer,
I

c On@Meﬁ@%nﬁ b@@zteﬁ‘er ?%f&gé H:?(J 25440 égfgrpér Zne &’ 'sf?lercl)(il—th‘fghenchasedj

wheréin in ste sal d at aye
r empyidl.e substrate material is renoved by inmersing
it in water.

The method of claim 48, wherein said membrane-forming material comprises a

perfluorosulfonate-based ionomer.

- The method of claim 48 ,wherein said viscous solution comprises a perfluorosulfonate-

based ionomer dissolved in a water-alcohol mixture.
The method of claim5 2, 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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61. The nethod of claim6Q wherein said water is

heated to an el evated tenperature ranging from about

4OC to about 100C, so as to facilitate renoval of said
anabIe substrate material. 62. The method of claim

O20480%%¥d for continuous and autonmat ed fabPCEAS2083041148

of nultlple m crofi brous fuel cell structures. 63.

The nethod of claim 1, adapted for continuous and

automated fabrication of nultiple mcrofibrous fue

f f
5‘?necr o? %&ﬁgdjgfe im ?‘éo chﬁmnfﬁe B ¢e ?t%p q%@v%te%ﬁeé'}ﬁemﬁy drying said

rous e em ca
conp Vi
{1 br artBiln, b Bloind B8 BEEH Sufon oL BRI 0
renovabl e substrate material in SO|Id phase; (b)
coating a layer of menbrane-form ng material over the

55,1 broysmeasd Bt 48 tﬁh@l‘é&%@ !I:reat:lﬂ%1 Ghef EvolFed %&%}Bﬁl gycuring said

renovi ng said renovabl e substrate material, so a

f or MigsoObdn@bh of P LIRS BREREARS 12€RAEAQE HAVhE @& transition
bore side and a shell side, 54 WD:2004/ 067259

PCT/ tiopdidat 0fkdill 4B mbrafeero@iify thit€iallbhd sabsefieSoling of said solution.
el ectrochem cal cell structure conprises (1) an inner

el ectrode, (2) an outer electrode, (3) the holl ow

fi brous nenbrane separator, wherein said holl ow

56f i brhgsmetipdinf @hin 3% pde@inoin seprpy e ascndrnefeaing ahiydrial layer is
‘mediumand is in electrical contact wth the inner

57,

58.

59,

el edresd by atipicoatingwetodsiodprisingitht fiepsolit er el ectrode at

its shell side, and wherein the bore side of the
hoINBW@PWBW&E@“W%ﬂ%@ﬁ%%ﬁSéﬁ@@%ﬁ%ﬁﬁmmﬁnﬁﬁmﬂconprlses a
lumen. . all om ng passage of fluid therethrough. 65. The
et HBUABrown i V@&OUS wioaiorer igiveneraleskerpialypidaisy, to form a layer of
el ectrochem cal cell structure conprises a

m cr of f BF t@ﬁm@Fectrolyzer 66. The nethod of

6 4 whe m cr.of i br.o ctrochem ca

I in I
g e?l({%‘fr‘?“ﬂﬂﬁ az};lé(:fayer ofa viscous solution of tlEl{éc’ meem rane-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 Temovable 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 consisting of acid-soluble materials, alkali-soluble

materials, organic-solvent soluble materials, and water-soluble materials, and wherein in
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conprises a mcrofibrous chloroalkali cell. 67. A

nmet hod for fabricating a mcrofibrous fuel cel

structure, conprising the steps of: (a) providing a
ggrg fiber conprising a solid material; (b) form ng at
R &04B4EY) ayer of a swel | abl e pol yneric PCT/US2003/041148
menbrane-formng material over. said core fiber; and

(c) contacti sai d.at |.east one |ayer of the . .
vl FIOYE S R i vesti o BHICAY AR Fovss o lisgolving
swel | agent t hat .the at |east, one |layer of the_ .
svel Fabrg° p@fﬁ%&ag%mg}maa g'f“ftﬁ?q?‘ﬁ%ﬁqd&oﬁ’atp%ﬁ‘%‘ﬂ? copsisimg g acid,
and hes. from the core fiber; and (d) subsequently
remglﬁ%ﬁg& né:saégné’@ﬁ%ga%rbre fiber, so as to forma

hol | ow fi brous nenbrane separator having a bore side

and a shell side, wherein the mcrofibrous fuel cel

6B I URRUEELRIATRILS 88 vk

. ANl _
(2) an outer currént ggﬁ%@é?%ﬁ%mfg%&%ﬁ%m%%#$g&#&ka;a“mmp
fi br Qus I/ RIREABatSSR A0 REen WELERD sa?@ﬁtqeallgp&nle @agfry of semovable

fi brous nenbrane separator conprises an electr

medi snBnafRehateSiallid teRbRE by inf@hsipQth agky, W th 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 nmenbrane separator

6 1f. ur t Rermettos oXNDiBODUW MG QS AT A4 IB200 R £ 4k¥A8 temperature ranging

62conphi los oh Fiaty

conprises a |lunen all ow ng passage of fluid

t herfembetoughC ¢etdbouiri 0096k er asetb detlitdc@tnabay of said rapevable substrate

coating on the hollow fibrous nenbrane separator at

i ts el si de, and (5) an outer electrocatalyst |ayer

coating on the hollow fibrous menbrane separator at

its shell side. 68. The nmethod of claim6 7, wherein

sai d_swel | abl e pol ynmeric menbrane-form ng nateri al ]
%fzé%’r?é Aeferopbiugusernd aptomatedr ffrigpgion plmultiple

of cl.ai pb7 erein said swellable polyneric

menbran brf’%fﬁﬁeél SHELE?S al  conprises a

per fl uoro-sul foni c-aci d-based polyner. 70 . The net hod

of clainbt9, wherein the swelling agent conprises water

63 ‘f’md/ TR ntho8 09 3L 1, asd%tgf%tr ‘continuous and automated fabrication of multiple

64 .

maierofibrous fuel cell structures.

A method for fabricating a microfibrous electrochemical cell structure, comprising at least

the steps oft
(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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71 . A nmethod for fabricating a mcrofibrous fuel cell
structure, conprising the steps of. (a) providing a
core fiber conprising a solid material; (b) form ng an

[ trocatal yst |ayer over said core fiber: (c
f"gQ?ﬁr“ﬁfg‘l"%? | east one layer of a swellable polpfﬁ@s?qg’y?’““s
menbrane-form ng material over the inner

el ec cal al yst.., | ; - f.orm n . :

el ec liege%a%% ycg?ﬁbfog%g%mgéhg%mélacreg]ﬁ%m%ecgs ;1%% g) Iméflnémr’r eé?cmde’
swel | r i - i i o Adh
cont GE) St BRHIE RN, HobAR. RBrE), Bherei tid rotow

nat eﬁﬂnfus e fahe %MOI%O& ! 4 érpaectr@lgﬁ Meahul B8 ienlelatital contact

expansi on thereo resufting in détachnment of the core

f1 begif 70 Mnes bdkod R itsARE L ROIMTRE bGeBRRERANR il ARl A8k, and
material |ayer as well as fromthe inner and outer

el ecleReAh¥Side B h&ilowdbthul InbmEHRSGAER bilrfher BB Dlumen

the detached core fiber, so as to forma hol |l ow

f i braibsing PREUZE MMTRiCSRPAKalz8l having a bore side and a
"shell side, with the inner electrocatalyst |ayer at
its bore side and the outer electrocatal yst |ayer at
its shell side, 56 WD 2004/067259 PCT/ US2003/041148
6 Sherkhe nmethel of cluinf ighyr, whiseit yell wietdibsty dettremiohpell stwture
(1) an inner current collector, (2) an outer current
col |cewpriges 2 i3joliblows wedsr Elestrohyizar ous nmenbr ane separat or,
wherein said hollow fibrous nmenbrane separator
conprises an electrolyte nediumand is in electrical
6éont act wth the inner current caollector at its bore
i debaricthadechdpiar 66uvhevt saig piswibiousaplestoghegpge] (cell structure
side, and wherejn the bore ?i de of the hollow fibrous
rren‘d’P‘QH‘ége%‘b‘B‘éinPrBPS%Wﬁ@F% lconprises a Iumen al | owi ng
passage of fluid therethrough, (4) the inner
el ectrocatal yst layer, and (5) the outer

67?I eC}‘E o gg fg%tx r¥ca lnlagxendrof?b%?uyfuecl c%ﬁtsttr]uoc eofzon%: l ilnghlz %tb s oft
wherein sard swel fFable pol'ymeric ne r ane-tor m n

ot RO o7 EF SR SPGB ARLEREOIIR, B0 L Dol yrori
me ”’Qﬁ)ai%ﬁﬁﬁé’ Emégﬂong%ﬁr df @lswellable polymeric membrane-forming material over
said core fiber; and
(c) contacting said at least one layer of the swellable polymeric menbrane-forming
material with a swelling agent, so that the at least one layer of the swellable polymeric
membrane-forming material expands and defaches frotm the core fiber; and
. (@) 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 fizel 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 medivm 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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conpri ses a perfluoro-sul fonic-acid-based polyner. 74.
The nmethod of claim 73 wherein the swelling agent
conpri ses water and/or an organic solvent. 57

WO 2004/067259 PCT/US2003/041148

68.

69 .

70 .

71 .

comprises a lumen allowing passage of fluid therethrough, (4) an imner elecirocatalyst
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,

The method of claimg 7, wherein said swellable polymeric membrane-forming material

cornprises a proton-exchange polymer.

The method of claimg 7, wherein said swellable polymeric membrane-forming material

comprises a perfluoro-sulfonic-acid-based polymer.

The method of claim6 9, wherein the swelling ageat comprises water and/or an organic

solvent.

A method for fabricating a microfibrous fuel cell structure, comprising the steps of:
{a) 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
ﬁnd outer eIectrocataljrst layers; and
@ 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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72

73,

74 .

WO 2004/067259 | PCT/US2003/041148

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
coinprises 3 lumen allowing passage of fluid therethrough, (4) the inner electrocatalyst

layer, and (5) the outer elecirocatalyst layer.

The method of claim 71, wherein said swellable polymeric membrane-forming material

comprises a proton-exchange polymer.

The method of claim 7 1, wherein said swellable polymeric membrane-forming material

comprises a perfluoro-sulfonic-acid-based polymer.

The method of claim 7 3, wherein the swelling agent comprises water and/or an organic

solvent,
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