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BACKGROUND OF THE | NVENTION Fi el d of the Invention
0001] This invention relates to nethods for
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describe a mcrofibrous fuel cell, which has an inper
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micioBrpYs jeeetis e RA1ER R and outer el ectrocat al yst
| ayer on the inner and outer surface of the nmenbrane
separator. [0004] Such mcrofibrous fuel cell further
Deswﬁmqf@egelﬁﬁiﬁﬁ ongated |unmen within the hollow
menbr ane separator, which provides a flu
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ricating such mcrofibrous fuel cell
with the required fluid path involves formation of a
hol | ow fi brous menbrane separator by extruding a

[000BE Mhy Adt€@nentioned Eshraghi patents specifically describe a microfibrous fuel cell, which

has an inner current collector, a hollow fibrous membrane separator containing an electrolyte
medium, an outer current collector, and an inner and outer electrocatalyst layer on the inner and

outer surface of the membrane separator.

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

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

properly.




form ng polyner through an orifice of an extrusion
nmold referred to as "spinnerette,"” either before
insertion of the inner current collector, or
concurrently around the inner current col | ect or .
WQeH%472%r gas is bl own through a bore- foPﬁT’Hﬁ“‘t-"’(?b‘é“s
Iocated in the center of the extrusion orifice, so as
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5,928, 808; 5,989, 300; and 6,004,691. [0006] However,
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or a gas as a lunmen- form ng agent, which is a fluid
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rane separators, dué t téri'ous  extérna
force applied to the nenbrane separators before the
menbr ane separator wall becones fully solidified.
[00060 B0 dver] BRh Convi@ 521 PMmEhddS dperintusd 6 NGiderd ghdlstahmer t
to provide easier and faster ways to produce
fornfifigCapent, iwlhich ik ffuidednd eahdt rovidd dukficlenttstgpert againstalefoinatidagesed |
. the required fluid path therewithin. [0008] Moreover,
by exlamalcfony dwring dhvahennfisthiriogl srofesy.  Tlabwfore ditei holjowt Flrous membrane
m crofibrous fuel cell formthe inner electrocatalys
sepafaysciprmsil by aych siethpdstmen awffs from et spoty, Fdich siftrolR Hackpse olsthe
menbr ane separator via co-extrusion, or after the.

lmnw s ifurd P&th‘ﬂ@mns@?fﬂifcé%"% éﬁ&ﬁ%@PﬁWﬁP%f%&WO ltslelat 0“2
extely B0 e BB SRR PR D PP PO TGP

ﬁmy %Qr ne | ayers forned by such process are al so
Ject to significant deformation, due to the fact

that such co-extrusion process prOV|des little or not

support to the newly-fornmed inner 2 WD 2004/ 067259
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fibrous nenbrane | ayers before conplete solidification
micrbffvesueftl.cells, with little or no blockage of the required fiuid path therewithin, .

[0008] Moreover, the conventional methods for fabricating the microfibrous fuel cell form the
" inner electrocatalyst layer either simultaneously with the hollow fibrous membrane separator via
co-extrusion, or after the hollow fibrous membrane separator has already been formed. The co-
extrusion process is very complicated, and the inmer electrocatalyst and the hollov.v fibrous
membrane layers formed by such process are also subject to significant deformation, due to the

fact that such co-exirusion process provides liftle or not support to the newly-formed inner



Subsequent catal yzation of the hollow fibrous nmenbrane
separator is not only conplicated, but 1[C also

i ncreases the risk of blocking the required fluid path
wi t hi n such holl ow fibrous nmenbrane separator during
WOZA040AT28 yzat i on steps. [0009] It is ther BEBPROGMH41148
object of the present invention to provide a
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el ectrocatal yst layer, wherein the renovabl e substrate

sep@adt ddhg TS aele)s. renoved to formthe required
fluid path within the nenbrane-formng material |ayer.
Such substrate-supported process provides structura
support for both the inner electrocatal yst |ayer and
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the steps of: (a) providing a fibrous substrate
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material in solid phase; (b) coating a | ayer of

the overath mamuéretitingrpirdvess, fat @oisghifi@xdrimploe:s thebpdinsof shebstroiftoas
structure; and (c) subsequently renoving such

tuel cdlrbupddlilgrebubst rat e material, so as to forma hol | ow
fi brous nmenbrane separator having a bore side and a
shel |l side, 3 WD 2004/067259 PCT/ US2003/ 041148

the m crofibrous fuel cell trueéﬁre conp es
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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:
(@ providing a fibrous substrate siructure comprising at least one removable subsirate
material in solid phase;
(b) coating a Izyer of membrane-forming material over the fibrous substrate structure;
and
(c) subsequently removing such removable substrate material, so as to form a hollow

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



outer current collector, (3) the hollow fibrous

menbr ane separator, wherein such hollow fibrous

menbr ane separator conprises an el ectrolyte nedi um and
is in electrical contact wth the inner current
EMPETS? at its bore side and the outer EGFPENE3/041148
collector at its shell side, and wherein the bore
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coating on the hollow fibrous nenbrane séparator a
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coating on the hollow fibrous nmenbrane separator at
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substrate material of the present invention provides a
sol §1d¢, aphabeacis (yshoreaside off the ubldve fibmis medimpisgatator further
strength for the nenbrane-formng material |ayer
coatorgrises p sy Allovdng rassese of flail theeattiougin d4)f aorinvien gectrocatalyst
material |ayer can withstand external forces during

t he®epemmtinegodhshriny fhree meebrang sparalon ithbeit Fidenand (R 2p optey
not .yet solidified. Such sqlid-phase rempvahle _ |
oo R DRt e o op DR g Qs b b o b o
lumren al |l owi ng passage of fluid therethrough. Since
t he solid-phase renovabl e substrate material is
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menbrane separator forned by the nethod of the
therpane gethdt sioh\nembia@rfotmtgrefairldaeoah aiifiGind efbr@d fordel RirBlg the
path with few or no flat spots. [0013] The term "solid
manyfpeuEny peosess dich threneaibrang efllds ®t yebsolififeds Saheoldfphishemovable
material used, as being a non-liquid or a non-gaseous
subsirgle epdieiel ay syberamanthe Agsevet tr dormnel lumedetliowingrspshgsr P fluid
§yes urg, [0014£ Anot her aspect of the present
thereflrgehc o £1ngh e efolid ehase; mavaplet fbRate gpatqrialofsi EeapYeA gorly after
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(c) form ng an inner el ectrocatal yst er over such

at | east one | ayer of renovable

[

[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
.ﬁlel cell structure, comprising the steps of:
(a) providing an inner current collector of a microfibrous conformation;
- () forming at least one layer of removable substrate material over the inner current

. collector;




substrate material; (d) form ng a nenbrane-form ng
material |ayer over the inner electrocatal yst |ayer;
(e) fonring an outer electrocatal yst |ayer over the
menbrane-form ng material layer; (f) renoving such at
WQRUHBYISHAL | ayer of renpvabl e substrate naP€FPRM0LHE
(g) attaching an outer current collector to an outer
surface . . oLt |.aye SQ._as
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conpr i S%x%st?a%&me&éﬁﬁ; i nner and outer current collectors,
(2) the inner and outer electrocatal yst |ayers, and
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t he menbrane-formng material |ayer, wherein the

hol pow fdrminp aumterdeshocanlest Bipdd avea the mebiRimpfirRRE mathial layer,

el ectrol yte nmedi um and has a bore side and a shell

si d&, wiranrevinkeich ah lvext one layer efremeeblt ebtiele madetabe i nner
el ectrocatal yst |ayer at the bore side, and the outer
cur(Bent 2Eshingsaoner carent eoflestos tpraa outen saace ofcthe aifey dectrpogiplyst
at the ?hell side, and wherein the bore side of such
hol | ow t#®%r ous nenbrane separator further conprises a
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aut omat ed scal e-up production of ‘suc m crofi brous
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production of mcrofibrous fuel cells. Instead, such

S uaBdlir sl ewithUthyDibiict edrefireblieich ma helithemdi@eboptalys eferfa0the bore
production of any mcrofibrous electrochem cal cells,
wheidaian the duteneirent solledqqand thobufeoelegham g dayefat the sheltkide, and

t heret brough. Such mcrofibrous electrochem cal cells
i néheraia thephere sdeeof mesh hpllay flweps tegmbranretepasadtr| furthenyppmptises a
el ectrolyzers,  chloroalkali cells, etc. 5 WD
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sti further. aspect of the present invention rel ates
L By

to® r fabricating

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

microfibrous fuel cells.

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

chloroalkali cells, ete.




a mcro fibrous electrochem cal cell structure,
conprising at |least the steps of: (a) providing a
fibrous substrate structure conprising at |east one
renovabl e substrate material in solid phase; (b)

OUUESH | ayer of nenbrane-form ng mat er PATUSIS0411#e
fibrous substrate structure; and (c) subsequently
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el &gj r o gl%wdlné £4ibre s@kﬁa%rsh'&lh%& S}Q‘,ﬁxg a1t okmmmtlla Qithstrate
fi brous nmenbrane separator, wherein such hol
fi br ous mARAmaGIR pBRQar at or conpri ses an electrolyte
mediumand is in electrical contact wth the inner
el eb}) r odatigta liyersof bombrasifaening matetiil oved tht Abrow|seGtatogiachat;
its shell side, and wherein the bore side of the
hol | ow fiidbr ous nmenbrane separator further conprises a
lumen allow ng passage of fluid therethrough. [0018]
stiP)  ambensplaspeee seh rq%ab&?rse%m mpteriah At $sdniorep balley
to a method for fabricating crofi brous fuel cel
structu 'éwus ﬁkfmeg?%toa}emn%%qm S{‘H‘?é“dsatsg %f: (a)

i di f | t
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fiber contacting such St one | ayer

th %ﬁ,\a@&é@ﬂn@ sepRhid BB Goed TRIERERING: At aaa is lﬁ@fe&&aaﬁéomact
with a swelling agent, so that the at |east one-|ayer

of wilheheSidk leRéHoee NALsYIRI side andBRIVLBNEechoderd: MY sHERtsRE] Al
expands and detaches fromthe core fiber; and (d)
Sub&a@uﬁmbhym&ﬁﬂﬂwhﬁgwﬁhﬁmihﬁﬁmmﬁﬁmmmﬁﬁrﬁﬂbamxmﬁah&&n
to forma hollow fibrous nenbrane separator having a
borbovgigtessapn df idsheedtirough.-de, wherei n the mi crofi brous
fuel cell structure conprises (1) an inner current
collector, (2) an outer current collector, (3) the
mo@?IIOM/flbrous mepbr ane separat or, wherein such haqll ow

Still another aspect of the present invention relates to a method for fabricating a
microfibrous fuel cell structure, comprising at least the steps of:

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

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

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

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

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

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




WO 2004/ 067259 PCT/ US2003/ 041148 fi brous nenbrane
separator conprises an electrolyte nediumand is in
el ectrical contact wth the inner current collector
at its bore side and the outer current collector at
WG H04068FY  side, and wherein the bore si dBCHPS2003841143
hol | ow fi brous nenbrane separator further conprises a
lungn_al | owi n assage_.of flujd therethraugh, (4) an
| 7o e S PARS 5 st 0ehtlut PRUSehE drotiebge
1 Dbalige ARIBLANSREBAN AL firc Bl chl B BAL GRG0 A0G fshan
an outer electrocatalyst lﬂfayer coati ng on the Aol I ow
fi DRRUandRARGARE RRPMeA5Ohe 3blldw! Bbral Shdmpihd Sepa@0 ke
The term "swel | abl e pol yneri ¢ nenbrane-form ng
Mt @fiprdes’ a Anehl SRELiNEQRRBALE of Bhil fiSerettoudt)Y4) BQhndNBlbdrbeatalyst
menbrane-form ng material that undergoes vol unetric
ex fayessoatngwh dr hbigwnithraomntmitine depardibit 41 itabasanede] 4nd ¢5) ag) Gwér.
[0020] The term "swelling agent” as used herein refers
t 0 <paipockiplpllaykr onetingas the hellowifibtoesaeobemanicpareta at ig stel} sida: | ¢
menbrane-form ng material and causes such material to
undergo vol unetric expansion. Such swelling agent is
‘Uﬂf?ﬁ er abl“%1€ae [ qlui d, sol ventf such as water or an
I FeEm cfellAbigolymegis supbpps forne, ateraly’ asusprbhepeingpless fany

resent. i nvention t tes to thod for fabricatin
porfieR s i SRt b et o Db Prpgyed Py caseed
witl £R=find &St €ps of : (a) providing a core fiber

conprising a solid material; (b) form ng an inner

el ectrocatal yst | ayer over such core fiber; (c)

form ng at | east one layer of a swellable polyneric
[00208 ITE RAE “dwellifd d3eht R e hakrkin Q@S to ahy Myuld DR 84s that interacts with a
. electrocatal yst layer; (d) form ng an outer
poh@leschentcat-fryisg mhterjaband Gansss sieh thtertsl toludifsh volRetiekpiusil,

swel |l abl e polyneric nenbrane-formng material; (e)
Sucleeyreiling agenids prafreablyediqbia lentprothasateror memgania sedvehior m ng

material layer with a swelling agent to effectuate

expansi on thereof, resulting in detachnent of the core

f] S,er from such swell abl e pol yneric menbrane-forn ng
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(a) 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 material over
the inner electrocalalyst layer;

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

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

and outer electrocatalyst layers; and




WD 2004/ 067259 PCT/ US2003/ 041148 (f) subsequently
renovi ng the detached core fiber, so as to forma

hol | ow fi brous menbrane separator having a bore side
and a shell side, with the inner el ectrocatal yst
WR3pe0625% i t s bore side and the outer el ecPEHUSNEHNHES
| ayer at its shell side, wherein the mcrofibrous fuel
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medi Uﬂ}régtqts béte kidk B4 BESlid: GRtoGBBLAGE: at 2 ng sfae inner

current collector at 1ts bore si an e outer
CUT IRftn tBethitr@Blrels fif cell §tSictSrd Sdnkprises (19 6 infR Sl BSIREY, )18
bore side of the hollow fibrous nmenbrane separator
f ur dukee turret@bifecios €5 tie hbilowefibrads hebritg s@paema Gdersh sich Bldw
t her et hrough, (4) the inner electrocatal yst |ayer,
andibf®}y mehimang $ereratoe faptico gadlatrglgt mbdiyeand i DGRAFicalrdnwet
aspects, features and advantages of the invention wll
be Witk st purenfisplieetaryt itf basmyidetapd the puieri carmpentipodlestap giifs shell
and . appended cl ai ms. BRI EF DESCRI PTI ON OF THE DRAW NGS
[ 008 20¢; Wisrd e teresidsetisie bellowelitypus ipatorage seraeies &uthyr
produci n hol.| ow fi brou rane ar.at or,
R S A S R o e
[0 [ e cross-sectional views of
t\/\g%%;l]g,r(:lé%g{egu )St F‘g%ge!aléﬁfl%%tur es of different
enbodi nents, each of which is coated with a |ayer of
menbrane-form ng material. [0025] Figure 3 is a
[002] QRker 6P&eks| Ritabs Ml eWadlgePorMeGBRR BN KAl beRERERE) AParéht from
hol | ow fi brous nmenbrane separator, according to one
the enviimcisaate a0d apphidedatatsent i nvention. 8 WO 2004/ 067259
PCT/ US2003/ 041148 [0026] Figure 4 is a perspective
view of a process for producing a hollow fibrous
menbrane separator with an inner current coll ector
t her ei n, accEREFRESCRIPGRAY @irBdtIPReWINGY t he present
i nvention. [0027] Figure 5 is a cross-sectional view
of a fibrous substrate structure coated with a | ayer

[002%] Figure 1 is a perspective view of a process for producing a hollow fibrous membrane

separator, according to one embodiment of the present invention.

[0024) Figures 2A and 2B are cross-sectional views of two fibrous 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, according to one embodiment of the present invention,




menbrane-form ng material, according to one enbodi nment
of the present invention. [0028] Figure 6 is a
cross-sectional view of a process for producing a
hol | ow fi brous nmenbrane separator with an inner
VEQiP4T25¢ 01 | ect or therein, according to oRETERAIG I HéNt
of the present invention. [0029] Figure 7 is a

Vi ew o ess. for produ

0 ctional ng a
OGRS F bt O TF AR POBTPoEBcaF ¢ RO e b
S0kLe rding to o)
Sepglldn%{ 31 nneg fcg{r af cotllgcgsen%in ?c%%rglﬁ 1o tgl %6 np Etrthe Prese%t
vhritioRt CrOSS- sectlonal view of a process for produ0|ng a
hollom1f|brous menbrane separator with an inner
current collector and an inner electrocatal yst |ayer
therein, according to one enbodinent of the present
[00RTI VEifiird DY.2 dr&3D2AondTiviguiof a Bbios sbsG#td SEmiER Ghdtdnalh Mbyess
of a process for producing a hollow fibrous nmenbrane
megbrp@riermang mafetidl, aggerding reme enhodieadt ofibd fresett Gwvgntian | nner
el ectrocatal yst |ayer, and an outer el ectrocatal yst
| ayer, according to one enbodi nent of the present
I nvention. [0032] Figure 10 is a cross-section view of
[0028] nhigreoft i B opysieseions] W%Pﬁ 2 Yepss & Boducing GrhpkaY Hyoue pgmbrane
nmet hod of. t he iLnventi o 9 WO 2004/06
S“’P?seﬁﬂ i TP ol BaF n e BionF SEak B e
hgl of an extrusion process for applying an
Y3ddi t i onal | ayer of material to a thin fiber.
DETAI LED DESCRI PTI ON OF THE | NVENTI ON, AND PREFERRED
EMBCODI MENTS THEREOF [ 0034] The di scl osures of Eshragh
[0039) FriguP2at i€ B biBssNebtional YhPoralflocesd fo? gr%dlféﬁg a hello¥Oiod® Bembrane
6, 004, 691; 6, 338, 913; 6, 399, 23 6, 403, 248;
sep@atébQdth ad Finer@uredticoB& i thargid, Moy, 1@ SnbtharSerWodimend 6f thb fPesent
Patent Applications No. 10/188,471 and 10/ 253,371 are
mvenii@or por at ed herein by reference, in their respective
entireties and for all purposes. [0035] As used
herein, the term"m crofibrous"” refers to a fibrous

structure having a cross-
f003G] Figure 8 is a cross-sechional view of a process for producing a hollow fibrous membrane

separator with an inner current collector and an inner elecirocatalyst layer therein, according fo one

embodiment of the present invention.

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

layer, according to one embodiment of the present invention.

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

method of the present invention.



sectional outer dianeter in a range of from about 10
mcron to about 10 mllineter, preferably from about
10 micron to about 5 millinmeter, and nore preferably
fromabout 10 micron to about 1 mllineter. £0036]
WEROM6BELNnt i nvention utilizes a solid- phBSEUYAHEEH e
substrate material, for formng a |unen inside a
[ l.ow fibrous menbrane separator for a mcrofibrous
[OOFE‘E e‘%lg"é“ellil‘? 2 B VB G U108 RGOS Preprias reeddiimpidneils
nmg&ﬂ%aqhgﬁ%;ibrous fuel cell structure, which includes
an 1 nner current collector 82, an inner
el ectrocatal yst |ayer 102, a hollow fibrous nmenbrane
separator 112 conprising an el ectrolyte medi um (not
shown), an ©wtQrEIebERRMAGEY 8k Yok nrestefiod22, and an
out er curr entNICEFEREIY EMBGDIVERE S Tefekowe T i br ous

nmenbr ane separator has a bore side and a shell side,
wherein the bore side contains the inner current
[00240 | The dibedusurB8obf Extehghid 6. Phtents Non£916,504; 6908, 808,28, 2D, 60t 6,002 08
102 coated thereon, and wherein the shell side is in
6.3 BohE L3092 BAIREE0A0BF17; E.H438Nt and GI4PBI o wWeB2s Ffdl Phiens
the outer el ectrocatal yst |ayer 122 coated thereon. 10
Apnjipstions oMg- 082854 | pod | 10RFHG B prsnacagrated 053a) byTFéEest i feir
fibrouys ne ane separator conprises an electrolyte
TeSHRT BHICUSRAT 333}’1‘7’??%9' either a liquid electrolyte
mediumor a solid electrolyte nedium Preferably, such
electrolyte nmediumis a solid material, such as an
- e nd ol -
A R e e G e R
sect{ORA lobtED didneBr $10] dafe 0P Bork XENAMARIHIR kY Bk: 1§ oliflimBer; prEfelblfT
a cationic exchange pol ymer or an ani onic exchange
fronPabbit T8 fnjer @b 6kt Sehillifeer nb S0 HREHRLIYTRRSbEE L0NEicdh to about 1
per fl urocarbon-sul foni c-aci d-based pol yners,
millpeteysul f one- based pol yrers,
per fl uorocar boxyl i c-aci d- based pol yners,
styrene-vinyl - benzene- sul f oni c- aci d- based pol yners,
and styrene-but adi ene-based pol ymers. The hollow
[0036] Bheopreseniatieption atlgessaiokd-Beseremovpde substgie spisrigulsr foppinga
liquid or solid el ectrolyte nediuminpregnated in
lumwgidabbqﬂa‘éf UsdpfRran o5 foe2 Wisppprgesdtel el e
preferably, the hollow fibrous nenbrane separator is
itself a solid ion- exchange nenbrane, which consists

PRG0S Pl B e, 8ok 0SSR o
an Hd3E RAROARR: BB ifnef QbcrBlaivhiAbyl 164 & USHM FhraRURRREhe
separator 112 comprising an electrolyte medium (not shown), an outer electrocatalyst layer 122,
and an outer current collector 132. The hollow fibrous membrane separator has a bore side and a
shell side, wherein the bore side contains the inmer current collector 82 and has the inner
electrocatalyst layer 102 coated thereon, and wherein the shell side is in contact with the oufer

current collector 132 and has the outer electrocatalyst layer 122 coated thereon.
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and the electrolyte mediumfor carrying out the

el ectrochem cal reaction. Exanples of such ion-

exchange pol ynmeric nmenbrane include the Nafion(r)

menbr ane nmanuf actured by DuPont at Fayetteville, NC

EO6RAT on(r) nmenbrane manuf actured by ABEHUS2093841d48

Conpany at Tokyo Japan; the Aciplex(r) nenbrane
Asahi Chem cal at (sa

iﬂﬂﬁpﬁﬁ%&% % °‘ﬁ‘3ﬁ§e %a%W{g’P%%“g?%?&%’&ed&gﬂ’ [Fg{gh can be
M T
SOt Pt PR SoTOnSE AU AERT By PREFORORPAP RO

I S
et A el s 1o BERARC Bl bty o) nBbliogd
polfrBik GlafdfiUBRre prifGabLy, MR Byl rnseummssa ?ohfi hdﬂteqchggte Botf:hat

i's essential for the m crofibrous
(i.c PEEQrcBiohic SxcRAGS BYmELsah atidnikGxdhate bdlﬁﬁbr) s&%d@oﬁ&ﬂf@ﬁp
of such lunmen 91 can deleteriously affect the power
congging o piregrdiaroofrboswdfonit-a@d-bas@l | polyn&84 Golyditfoneaes e pblymers,

i nvention therefore uses a solid-phase renovabl e
perfipatesarpoaylic-apidrbased ablyras, | siranp-sinylypenzens cuifepictatid-basesh pelymers,
designed for such lunen 91, while a nenbrane-formn
andmr@\ﬂibatﬁdmﬂa??é?d paymesy melde  hoHovt dibross msmbrages S%ﬁgforn@}ég’

such, s se renpvabl e substrate materi a

““"H’H?rf"ﬁg W\*}%\?lﬁ‘agsm el GAestrolis AP EsiE D HEpreseRtyd U§2@6’S°P?f&“1 9% goch
g];eap%:rtﬁu rMnrg e acm ) y,ftgel'hr?_!} r{%{g gﬂtrel %?r{ d%D\é.lgg)gl{s Cté'l [fla Sgld ion-
excl %re ﬂle?r{b‘ané Lv){lclag)lnélgé {séeﬁt%ﬂ% §1Iuecftﬁer§(§!)ﬂdq dp OP£ Eotid

erial s then selectl y renove Form

-behd FRACA Rhctibii®oth YHBOmEdori tkiR ok Pevillia %Q&mﬁﬁ B S
mﬂnenﬁ%ﬁ%e separéﬁbr 312 [304{] The so g phase sy

and 1R FRM ARk RS odirfng Bat BE lddtroMEmibd) afiof S Bidnpled WD
provides a solid core of high nechanical strength,
exchahgeColysisip aebisas ibceig BN Nafbn 8 triemibramf madiéhicined hal DiPayteit S
of various materials thereon for formation of various
Fayattorifro iéh ths Fisinion®emeribone foainfagiyssd fop esabt @lldss Sermnauyt eirEvkycas
descri bed herei nabove, and whi ch preserves space for
Japawb%am@@tm%wmﬁc@ﬁd by Aspld Sherpipal Copnpaay # Qsa. Jangasand
m crofi brous f cell structure. The renovabl e
o TIE0N BB RREE Dpe Gt MiindoM | onal
cushi oning for the nenbrane-formng material |ayer
agai nst potential breakage due to bending or tw sting

[003%3 rl‘henﬂyré H& muﬁoﬁ% %Fljo%gm&x[b%%g §e tLrO@% r&%s & éﬁa‘f‘l:,]e

bstrate materia rese |on can e a
which léli&v@%&@agg@f frd Ak (§ugﬁés hydrogen and methanol) or oxidant (such as oxygen)

therethrough. Such hemen 91 provides a fluid path that is essential for the microfibrous fuel cell to
perform ifs energy-generating fimction, and blockage of such lumen 91 can deleterionsly 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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Is in solid phase at roomtenperature and under the
at nospheric pressure, such as netal, glass, ceramc,
pol ymer, etc., provided that such material can be
subsequent reaned in a selective nmanner, i.e., by a
WENHAG26hat  does not renove the basic conp@ﬂ@‘iiﬂ@lﬂblrﬂs
parts of the mcrofibrous fuel cell structure. For
eganple such renovahl e substrate nmaterial can be a

P PR SURRbAS &PAURY/ dryingigyiegy After themembrae foamipgpeiprial layer is
t d ffect the b
o T B DR S b 0L B FIL S e
hol Ry c@&-ﬂ} r\?me l;lm-1 0008 Sro lelilhel‘irl}}e col tl Sghors, t he
In el ec afd the

ner. and rocatalys e
hollom1f|brous menbr ane separ at or; it can al so be a
neltable material, which nelts under nelting

(00410 NiHc bd1i@RBasd 10AEveElOsBRte BT LS tﬁd’b@es&&ﬁ%ﬁhdﬁ%@ﬁ&%@&lﬁi Bk
the mcrofibrous fuel cell structure; it can be a

of g wishaicalestrefpthatvhichdiplis efkeqlnat hitg oF ¥@diohy lagers 60Vavieat
that do not affect the basic conponents of the

materiagsrthefrdob fog demitigr bf wabus cotovantsiof éhe nfi@@dBs fuel call structure, as
preferred enbodi mrent of the present invention, such

desv@%ﬁﬁmblla‘@"ﬂs efsiythich preservat eRck &r sybsequpnt fomiatiy|ofa m Byidl path in

uch as aci d-sol uble material, alkali-solub

Sucfhﬁtcaf prays fud eellbsipeture oThg apmavatly spbsate masral @%me%fﬁ gdditional

mater qubIe terla 2 WD 2004/

Q
o zi‘.”ﬁ 2@““3[ AR a%agsnw@ﬁg %&?1@%18 to bending or
£sent i nvention, such renovable

“ws @@#%?£$m£é ?gﬁgls a wat er - sol ubl e pol yneric
naterlal Slnce water is a renoval agent that is the
| east invasive to the basic conponents of the

[0041] ThOfeinbfaBb Subftti@ImateRdl bf 1B frébelt MRS tiota€belhy itable material that
wat er-soluble [[[ polyneric material is particularly

is irSdolid pHakeeat todin RfRANECA] Qhdet he athb@BR0 torebsidé SRALH RMnetal, plass,
Mor eover, use of water as a renoval agent is bot h

ceraps polwifek, exict, i pravidadh thatesushi maserivk panctie -shiyseqperd ramov§d0id 454clediive
wat er - sol ubl e pol ymer used for practicing the present

manpigiien by Hmethodiihabdoesney reparefhesiasiosompengnit preattcol Hrsoyiereftrays
material that is water-soluble and conpatible with the

fuel gelk srpqtuge. JFog Efﬁ%‘@&lfléﬁli‘trwvabé“o‘&?sé”ﬁe @#eltabcap Rea gt@b@wedtwéeml
t, t | ubl
w5 B B LS B
|
mcrgﬁnr%lggi.\gyéeﬁ Wa e%/scl:m sﬂﬁﬁngle pag% %%SQI%H%QI%F Orss %ac r% dgoélter
’ elecﬁo\éﬁﬁys‘f‘@a& § aﬁ@lﬂfém&o ﬁ%ret hynﬁnbra%)l or, 11%511 R0 %Q eczs%eltablc

pol yacryl am des, enelmn
' mateBQ: W?lbl‘{/ ﬁélfﬁ’%deelirﬁkﬁhg bRbihas il & fot aff&@lh}! &stcCoRiponents of the
pol y(etny

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

selvent that do not affect the basic components of the microfibrous fuel cell strusture.

[0043] In a preferred emabodiment 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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oxazol i nes), poly(oxynethylene), poly(vinyl nethyl
ether), poly(styrene sulfonic acid), poly(ethylene
sul fonic acid), poly(vinyl phosphoric) acid,

pol y(mal eic acid), starch, cellul ose, protein,
WHI0HsEEhr i de, dextrans, tannin, |ignin, BEFUSPHHAEE
Such list of water-soluble polyners is only exenpl ary,
and it is not intended to limt the broad scope of
the present invention. Preferably, such water-soluble

[OOB@' I}{qteﬁm %r e:ﬁgtltnﬁoq chtOp tﬁep ?Ileéé}{t # entlo%y E‘.Jcﬁ)l %’90%% substrate

yV|ny yet ene g ycol m xt ures
maiteﬁ‘a@ Eseao&atermbfe po%féﬁoeﬁlﬂmay Sifd @Jatemtﬁsm&al g&k a0 kR
conpri ses pol yvinyl pyrrolidone and/or polyvinyl
invidlve @Bt basic [cOBbAdntsFif BerBicrdfitedu® MRl @ll fsinkRfued SseSof B StateRdoRible
structure 10 consisting essentially of a water-soluble
polgnthis trateriadis patiedarlg kuidiRe fod practife di ke pescatibghticat dlosdbranatante
10 is then coated by a | ayer of nenbrane- form ng
waiprees ereineial ent isdoih gest-¢ffsotivo pnderviromeeneidtieidlyer 20. After
solidification of the nenbrane-formng material 22,
the water-sol uble substrate naterial 12 is renoved by
ch coated fiber 2 in hot water

i sing s
[ﬂoﬁﬂﬁ W@terﬁalﬁﬁMwaﬁ Byt %H%?Fl&awﬂﬂa%?anéaw|ﬂé%% i%g

s bolaSt Gpiad b Ve PR e Oolﬁw?ﬁ “TRPsPREFIEY o
coal e&' 0 tléjsuﬁsiba?er s%r'u&mre r E%@Ll% (8'%110% Wafd- e | n%XY?ﬂ;lérp QiR pollyvinyl

rane separator

pyn%hlfoﬁa% Nfolye @1 BGhAE, %aoﬁré%ﬂyl&@ g%b’(@ss SAYE ey oﬁ&és a&%@ abi@ fpbe

| ow f'i br ous nbrane separat or 30, and the inner

watarhdluw bétymed, &ﬁkfc%ﬁaﬁﬂ&e}/@ﬁe WY SEIBH1E FolyniRes, HOIABRAHYE Rrhiliag),
applied to the hollow fibrous nmenbrane separator 30,
polwirpiahiti@npagishyeneituink)) pelgyiengethyli metlatrylal), dalyesers, poly(ethyl
conbi nation. For exanple, the inner and outer current
oxapheble cronaymalyldne, sioly(Minyh rmaathyk | efhent tralyfsetne t olfetie acid),
hol | ow fibrous nenbrane separator, followed by
polyigiryiens: anfbrih acid), Poivinyd phesohetia ceidopaki@mtlsie goid) Hyré‘% cglfuipse,
then application of the outer electrocatalyst |ayer;
m”%Wﬂ%W%ﬁ%%@é#ﬁ”m%H%m%ﬁﬁﬁ$d%nd outer el ectrocatal yst
| ayers can be sinultaneously applied to the holl ow
fi brous nenbrane separator, followed by attachnent of

' [004'62 %ucjhrfi&eol;f | n ar ! Fl% Sglgﬁeg{ ﬂ§' c)&%l)lhrg 03519 t%s ﬁola EEeS&eg 'tci hAmjt the

rson or can rea

broag %&)bQGf ﬁ@ﬁe tlifNon & P§elfl=,'ratb béu@h QQt&tsgﬁﬂL p:gl er is selected from

manuf acturing such mcrofibrous fuel cells, dependi ng

poly9iflyl Sy SlidbheC pHIgiSH iaRbhol r}ﬁly&nﬁsne Biyc810 WA SIS Sthereof.  More

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

[0047] Figure 1 shows a fibrous subsirate structure 10 consisting essentially of a water-solubie
substrate material 12. The fibrous substrate structure 10 is then coated by a layer of membrane-
forming material 22, so as to form a coated fiber 20. After solidification of the membranc-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, lcaving only a shell of the
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[ 0049] Various nethods for application of the inner
and/ or outer electrocatal yst |ayers have been
described in U S. Patent Application No. 10/253, 371
filed on Septenber 24, 2002 for "M CROCELL FUEL
VERHPDSTFUEL CELL ASSEMBLI ES, AND METHODS ®FT/NEQ3HE148
THE SAME," the content of which is incorporated hereby

er.en it nt i for

T o RN e N R T s

ngﬁ SEdl bed herelnabove [ 0050] Subsequent renoval of
the sol i d-phase renovabl e substrate material is
preferably, although not necessarily, facilitated by
providing a renoval interface, which is in contact

[00M8]t Theadner dn@ aBdr carePiolidodR o belshiRegh@iD Yabled tSMYRIIbA EBrous
material. Such renoval interface increases the active

meoraieisepgra®ud’l adaheinecend eui@ victigcattyeitiyers sth(ile setBeqatlylapplied
al kali, organic solvent, or water, and therefore

to thelollpw fibrpusgnembmronsgharageh 3¢, lviombrnbmwtly ertie sayadnes; ingdny o€erohany
removal_interface is preferably an open cavity inside

conpbgpatione oy sprle. diprianey s autpraresp| gllcotopsisrmbpgimulipriceusly gttached

o %F@W%%miﬁé Cac:ﬁa’?r?@% s Ergzt@eelrm%w%?%&%g epgiy
s o b RRUBRG'T b B BOBRTR! b et e P SR B,
ele%o%@i ?trlaﬁlfs cmﬂﬂ&eg&ff%ﬂ% %aﬁ'u;e BAIFE‘!N ﬂ%‘?o'us mmﬁ{n%l arcr‘iH? h

us ‘'substrate stru re conprises an open cavit
folldded Y SABmAE oBné GRRVAR bfterSUbSE EAbRTRESH] A p&?on ordmﬁry
open cavity 21 is elongated, providing a path for a
skille@ HDVHe g cdih Wa@lly deSigd @@l drafkipd taCsult®IEOMEbeoD For tiBuiBdibEE kdhe
material 12'. The open cavity can be in the m ddl e of
mictolfibrowsdimbac) Heperalitl ot spadify ndaPErizl adbsySdiDiatuitements=i gur e 2A,
or near the outer surface of the renovabl e substrate
12", as shown in Figure 213. [0052] The renvoval
I nterface nentioned her ei nabove can be fornmed either
(0049h Viarique pusthods for a@}ﬁréleqqféhrtwr PPt clspeseielptdurs }mve bm h
nmoval interface can be formed by using two or

descpﬁmabrs o Felitls APRiFEoRY 102PS br ieh op crppe o 2007 T
e Fi

R Y, A7 U ROE i B
AU SSE R, AR SURRRIF e g

purpobet, 3¢ foﬁ‘r%}ﬁﬂ@tl: BrichBRhd Rl @ell@@llcﬁrfe' a@heséln%e(( H@ﬁ‘ﬁnﬁ&v@ an be

ei ther solid phase or non-solid-phase material) is
coated by a second, solid-phase renovable

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

the substrate material.
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substrate material 12', and the first renovable
substrate material 14 is nore readily renovabl e than
the second, solid-phase renovable substrate materi al
12'. A layer of a nenbrane-formng material 22' is
O 28 er the second, solid-phase renoviEI/ES2003/041148
substrate material 12' and solidifies thereon. After
solidification of layer 22', the first renovable
substrate material 14 is first renoved, |eaving an
' i nsi de. : Li d-phas
0B A el L HBiohd 5118 oot G Lo st

suﬁcﬁm\éitt&gb)f 'y H!yg of %m%e@@ﬁﬁr? GhateRlal rBMOMEeh Qgchsfﬁ)%gg%b ate

sol i d- phase renovabl e substrate material. [005 or
SRR iseSaCdped bakiBl 211 0408 \68 B r@noSabRSIub RS iRt 12°al Thd dpen
can conprise a |l ow nol ecul ar weight, water-sol uble
caviipl lyisrelongatedyploeitiingh pattofuch redi@ing @Qidng facBiGte réndeflas fe substrate
renovabl e substrate 12' can conprises a high
matengell % ulThe opme payhit can e inefhe- raiddle b the ppobvable sibgralvel2 B pd shbwn in
~Alternatively, such first renovable substrate
Figyra 24b 07 2epr therougensiriacs afihq removablsgabsapte $353) a9 Boam sdtigmedBi ¢
material, and the second, solid-phase, renovable
substrate 12' can conprise a water-insol uble,

i.d-sol ubl e ass material. 15 004/ 0§7259 . .
(00& e A5 B omerbiet HrEm R Ragh SGe b o i, o
d ; ructi.n he fibrous.substrate of
s R o Bl b i bR o7 P 8

remb BHP Vi hatd rﬁa),’e-na1§chrj'1*t"1"efrénblrelﬁ('ﬂélgﬁt%J ?g?%r@ﬁ Shok&he ?Jot?egs of %m&é g€

nore than two renovabl e subs mat eri al' s of
hollgh fibrEus@iinbraBdRYeadr usihya fitdSus bBRBteRSmisHE boderRbVaiEsubstrate
renovabl e substrate material is provided at the
mat@lils €2 G 14° biadjfetent terBovabitite /Sfirktehdhtdd substBtp Miitkrial DI (which can
subsequently applied coatings thereon. 1 [0054] It is
be githgy eolidphise bonaetlal-hina tmatetied) i cdated by Aisepid] bdbid-phase removable
menbr ane separator of the present invention can also
subsiyate materiph t goadiis fingt rémeprvabieciultyiate mdterigl 14 iswpst teadily eemovable than
pol ymeri c_ nmenbrane-formng _material, which includes
the seqoPdn eRtidRRAss cemouablsy sybriete st ol 2nmtfe leye) of tshmembpRerEY B S
vol unet r | expansi.on.when bei contacted with a.
etk F gt ISR 0 Sl At R S S P g soliciis
I hG. ranesformn erdals include
terf MEL i RBIRA0 D R NI Eb B P8R oS emnte

] . ' . i d
leavig ? %&é dgtE'L %{fﬂé}‘ﬁq 'ﬂnsﬂl? th]b?efc&n&rg th-gﬂ%c %ﬁ%!velbie@%s@%cﬁrgﬁcrﬂlsﬁ ; ﬂ-ﬂ&lgh

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

material.

.. [0053] For example, such first removable substrate material 14 can comprise a low molecular
weight, water-soluble polymeric material, and the second, solid-phase, removable substrate 12°
can comprises 2 high molecular weight, water-soluble polymeric material. Alternatively, such first
removable substrate material 14 can comprise a water-soluble polymeric material, and the second,

solid-phase, removable substrate 12’ can comprise a water-insoluble, acid-soluble glass material.
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pol yneric nmenbrane-formng material is preferably, but
not necessarily, a liquid solvent, such as water or
an organi c solvent. [0055] Such swell able polynmneric
menbrane-form ng material can be directly coated onto
WO WBY6ES core fiber, such as a metal w r ePEFURIGHHAEN
rod dried and cured to forn1a solidified polyneric

Vb (PG oR, Bh P (R OF G R SPORE Ao P of o
remg‘?aﬁla%&slr onrlgtetnggofsﬁilf q;d]xt r% ?blfl I .b%I Fr&g sHbslrat ncq? gl%o com{mse

erw se renovi ng ache core

mofd Uah OV SR bR SmaR Y BBAikGen 'E’I%HEJ&a%ﬁh Stk g%sﬁld.pg&g

subsequent processing steps ken to
remGROR | sesRatd @A shh@usa bl af@hdst USiNG ?Jé%ﬁu&ﬂ@fhlsﬁﬁﬁ/oﬂ for
m cr of i brous nenbrane. [0056] In an alternative
subeGilRali apEtiall coatitigs héremr el ectrocatal yst |ayer, a
swel | abl e pol yneric nenbrane-formng |ayer, and an
outer electrocatal yst |ayer can be sequentially forned
over the solid core fiber. The swelling agent is then
[00%4 At 8 dresganhite ko heidhe holighe micri§rouggmambraps fopereteratl ghe present
expansi on of the swell abl e polynmeric nmenbrane-form ng

m‘%fgnéﬁn alme @fvantpgepysly forped yesing a tudiphieprlymedt memphaeng Hrpige
fromthe pol rlcrmnbr e-for
mateial 0@10 Dl Y POEFD TSR TR gD B Ut s Gt

PCT/ 03/0 el e troc I er the
expaéxse} 1 W en 111 COII gﬁﬂa&’éﬂrl B.IS\EC 7 n%en §u1¥a§1te ﬁxaltr%%s V\?Sfr%W% ra%l 61'10

4 |
i rﬁ%@s RS o E%%‘% Tl oL ORI £ AR, %P?é%d
polyn@d 8lich afillafioh. STHR @F&linklaglft Ao bARBmMALHE kol@h@ itk PRI Wik
| ayer at its shell side. [0057] An inner current
poly@tid @6Gibeine-foathBlateriallis prTRfaBl, Yubiit ndcSsaEiRk liguid dolvadh, stidhat
of the renoved solid core fiber can be inserted into
watdr bvem logarde sofverguch hol | ow mi crof i br ous nenbr ane
separator, and an outer current collector can be
placed at the shell side of such nenbrane separator
forma conplete mcrofibrous fuel cell. 0058

EOO% éleqhéweﬂé%wmwwmabw%mﬁa @%‘éﬁ*ﬂl cqn Ry éﬁftcrbbwa% 394
nitio formati on aof fi brous )
core Mg 512 T Pt SAEISR o (PR . st Pt A Gpafymeri

ich.ayvoi d ub uent |y erting.the
memI ﬁﬁeé rWh%: % r1sr Sélns uer%'yl cor cteg mtlh,] t%’lo wF'e % aﬁelftrt% ned% gce) 6}( : % on and

there%p ﬁietéh HBJH 'thfe &3 cBrQ ﬁber. By pulling out or otherwise removing the detached solid

core fiber, a hollow microfibrous polymeric membrane is formed, and subsequent processing steps

can be taken fo form a complete microfibrous firel cell using such hollow microfibrous membrane.

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

of the solid core fiber from the polymeric membrane-forming layer as well as the inner and outer
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overal | manufacturing process. [0059] Specifically, a
conductive fiber 40 is first provided, as in Figure 4,
whi ch can function as the inner current collector.
Such conductive fiber 40 conprises an electrically
WOHHETPVe material 42, which can be net BFT/URB34QH1148

al l oy, carbon, or conductive polyners, etc. The
| ayer . of

onductive fiber 40 js at.ed wth a
e RIS s B PR P e EaVep § g g T Ggorane
: . . whi_ch.a |I. r_of
o050 L8, AR £ P 0L Br o Rl e
at i Bbrk Sliid &AL Lk clfhrodaifyst 1FBTDEARAHQr M ng material 62,
the coated fiber 60 i's freated so as to renove the
renovabl e substrate material 52, formng a hollow
fi brous nenbrane separator 70, with a lunmen 71
[0067) ekreiniey curras collebtbr handingt ah¥iamietaribat isCohtlef thhn 104 lof REfeMbved Golid
[0060] An outer current collector can be subsequently
corgfitencandel insated n thedlote@fisich bellow sninefivuamenbrae papnraibo pnd 20,
and an inner and an outer electrocatal yst |ayers can
outqs Surggsh pqlleqtor ioprebeerlesed atshandhel sifreefisgthymesbrang separgfore troform i2n
a order or any conbination, so as to forma conplete
“MWE§FﬁWW§WEﬁ@MFﬁgI cell structure, as described
her ei nabove. 17 WD 2004/ 067259 PCT/ US2003/ 041148
[0061] A renpval interface as nentioned hereinabove
00530 WrlimB S BE AV o ¥Ges BNB0 EHLLE
0B ab BB I AR Uik s ARy 5UEEERL bt
fibr§d Rt RS sePRUG Wikl en iHRF il ARCHr QU b RcPavoRl MSstd of

coated fiber having a nmenbrane-formng material |ayer
sube@iently Gk Gl QY Bher durfefl dollke RPN ABShe HGFRNA RbLa1SURS bilnBitRs the
material 52', which contains an inner current
overgibinkaiktotingdicesand a renoval interface 51 therein
Such renoval interface 51 is preferably an open cavity
t hrough which a renoval fluid can be passed to
_effectively renoving the substrate naterial 52'.
[005PD Gppificatly cproadugtive Fopnd0 i fesharpedpdsas indfigureets wbickl pan duncdonan
alternative enbodi nent of the present invention,

the T e S8 eSO R CoreetivedToRs A gomereean elpcttjcallyspndggive pagriab
42, il BRI o oM DB el SR R ieE Es 40

. ' bst.r at ! Lal 54’ i ch

is coétllecg ﬁlﬂeﬁl}a!’ 1%%? (%4’3 ?Jplrﬁga%fé tradh Ir?&t&n%&,gc_r) %)%%g tgljﬂ’)us {%ﬁ] | gle sgécglg%%)’,e

seé orf non-soli

ontoSiiich 4149838 gm@mﬁcmﬁagmm b @tEn A 'A?dé sQfiificatibd §f i

first frenovabl e substrate nateri a nore read
membrane-forming material 62, the coated fiber 60 is treated so as to remove the removable

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

as well as the inner current collector 40,

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

microfibrous fuel cell structure, as described hereinabove.
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renmovabl e than the second, solid-phase renovabl e
substrate material 52', and is therefore first

renoved to forma renoval interface 51. Renoval of the
second, solid-phase renovabl e substrate material 52
WO200406725%Carri ed out at such renoval i nter PEEES280p/041148
formng a lunen 71 inside the nenbrane-form ng
material |ayer 62'. The fibrous substrate structure
can conprise additional Iayers of renovabl e substrate

OBl b REe] et SR e el Roet e
oo G TIE RSPl BRRR d;ﬁ#éﬁ%é kS, ) SUkeL x

I gure coate accor |ng i

sholwid L lcBRd Ml ﬁ@lﬂé‘& héﬁb&@%ﬁ%&eﬂﬁfhﬁp@ REFA U 2 sohdvphasc

i nvention, which has a nmenbrane-formng material |ayer
ronBRbleGERER AR 52, WhibH @GS MOShdr dbreent SollEckhe URH R b Ratboval

conpri'ses an inner current collector 42' |aying side
intddfices1 diteretd. t $uch redoball idt@fadel 1168 piofrablpadl ot capity Uhratgh dvhizy aa

sol i-d- phase renovabl e substrate material 52'. The
renpw] (b exn bé fpesed B 6ifscEvely reradving fhe sabstet matrig sgdvi de a

renoval interface 51, and the solid-phase renovable

substrate material 52' is ‘subsequently renoved to
[Oogqoduce a lunmen 71, Formation of the renpval interface

Higugsr§ fhows Aepaled Thar, pqePising fo) teeHomeivpembadinial) thraressi
th | t f th
inviifn SARF Lot BEPACEo e et s g%mc a‘fdd SR gy st
st U o6l b Bl 58 Bl DR iRl 4200 Bt il LB
maide® 'Sﬁje(%hﬂ:ﬁ" €anl ﬁénéﬁlerCsHﬁcf B9 or GO éoﬁ&:fy}%e;) 27 B&nd, %Bﬁﬂ?ﬂas@b

iraitio wth the hollow fibrous nenbf'ane separator,
remdfabi Gublsti®e mEQED YR Bhe TR SdfoMbR BN inRlerial 33’ QSR tehal

hereafter. [0065] Figure 8 shows the process for
remb@blaitiag th@ stwohd, emidiphize e vaRNbsane mseph 62 aid ivthedafoirst

inner current collector and an inner el ectrocatal yst
rempey erforfrorrema)alt iltenfagt Fl. Romprbiftheeecoml, Sbdblask rendyelrle substrate

structure is first provided, which conprises a fibrous
matesigh 8% rimthen earied opiptsuckrameyahisivtiaon 3b-Proving mlymenat i he

| ayer 112 over-coating such fibrous substrate
mEWErE"F‘BIP% matggipd lagsrd oy Eheshiprut pubbieteSfrpqieg Eﬂné"’mﬁf&ﬁﬁ‘i‘q‘t%@

current, _col |

e RADRY: SR aﬁaﬂ%ﬁf Ay e o Sl i Ry

troc taI t lLa 102. After vaI t he
provu&eegnﬁ)%ea O@U %ﬁl out r1¥105¥ Ia¥er comgflsef aa soIe1 r—p a@efu at?]m?t%]‘al

fi brous nenbr anes separ ator is for med by the
menbrane-form ng material [ayer 112,
[0063] Figure 7 shows a coated fiber, according 1o 4 further aliernative embodiment of the present

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

subsequently removed to produce a lumen 71. Formation of the removal interface 51 significantly
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whi ch contains at its bore side an inner current
collector 82, a lunen 91, and an i nner

el ectrocatal yst |ayer 102 coated on an inner surface
of such holl ow fibrous nenbrane separator. [0066]
WO 087289 shows t he process for form ng a RET/USAP3/041148
fibrous nenbrane separator with an inner current

col | ector, and r and outer clectrocatalys
neipof POl ¢ B oa TP s ioxfh Gkt ot Do
tructure is provided, which conprlses
pme%mhngeg% gxgﬁ?§ an inner current collector 82, a
renovabl e substrate material .layer 92, an inner
el ectrocatal yst |ayer 102, a nenbrane-forn ng

[oom;t@mu&{al bydentd d2the ARELABPBUOM QLN flufet,MHRERE }leVider dua¥er
2. After the renoval of the renpvable substrate

colleddretah e foee rab Yitio avithGthd Bollofri fibkdbl SnchiBity Sp@atee peigAther
is formed by the nenbrane-formng material |ayer 112,
remyizble fubsaktraiend, aafes¢ribed lopafier.si de an i nner current
collector 82, a lunmen 91, and an inner
el ectrocatal yst |ayer 102, and at its shell side an
uter el ectrocat al 122. An outer current
00@&FF@@18@?0W@%9@@S§%WMW iR ST H e
Qrma

C“HFﬁt N T %{gﬂ QT s o
Gt e'ﬁ]]s@%%%%d whlfc% ﬁ\ie)prégsl azygrog?&é ‘ct)rat %.]1&);’1/319 %%@%omung

se rermva e Su

mat&ﬁf fek ?*2 &Em‘bi%ﬁ% Rlof $i6iks LPWMGD Et}ugt[ﬁgt THEfibr s Gl Sre

structure can be nanu y a series of

comgﬁsag 6Bl Ards IS 8, | a1 S Er QUL dflechol €8 remoViBie GEbsRA Bl layer 92,
acconplished in a continuous, autonmated manner for

and SICiRhee eletifro@REReyer 100, AR MeltefbvabT tidfreniivableahibshritomsterdaliayer
cells. [0068] In a specific enbodi nent of the present
92, 4 Imilewn fibrous membnanes sepdratiriofasnef! tiethe mahtrangforming veteriad kyer HE2,
formed by a series of continuous steps including: (a)
whighr eppiaié Bt ita otk reisle rancigier epirent odlledert %?s aolbmen fi.cqnd an inner
fibrous confirmation; (b) formn | east_ one | ayer
eleofypeatplgsiges b oaieion e hes sufageaf fugh ho rqvﬁ B AReSeRRdor ent
collector, (c) formng an inner electrocatal yst |ayer
over said at |east one |layer of renpvable substrate

[00@%1%&1"6 9 howg {g\%}érocess%r?gmfngc tg{P}w pe f 0 [ Wfageqse?arattc% %tﬁ!m mnner

over nner roca
current collector, and an inner and an outer electrocatalyst layers formed thereon ab initio.

Specifically, 2 multiple-layer structure is provided, which comprises, from inside out, an inner
current collector 82, a removable substrate material layer 92, an inner electrocatalyst layer 102, a
membrane-forming material layer 112, and an outer elecirocatalyst layer 122. After the removal of
the removable substrate material layer 92, a hollow fibrous membrane separator is formed by the
menbrane-forming material layer 112, which contains at its bore side an inner current collector 82,
a lumen 91, and an inner electrocatalyst layer 102, and at its shell side an outer electrocatalyst
layer 122. An outer curent 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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(e) formng an outer electrocatal yst |ayer over the
menbrane-formng material layer; (f) renoving said at
| east one | ayer of renovable substrate material; and
attaching an outer current collector to an outer
QP46 ESDT the outer el ectrocatal yst | ayBET/US20GHH48
The follow ng sections describe each of the
above-listed steps for fabricating such mcrofibrous
fuel cell structure in detail: FORVATI ON OF THE
rooFFEN ey SUBRPRAT berNH R Al AR DL Mendi8]
one 7l ayer of a renovable substrate material is or red

midBfoud 8 odfl shihd dh AUSanhARE bygse&iese@_tm&s;%/&e%mm ol
can be a conductive fiber of any suitable material,.

whishi G 88 aBBnglished Rt &lcontidhoud) Yaidtom@idd Bfher 6 dscB1005] Ubitrhdt@al
pol ymers. 20 WD 2004/ 067259 PCT/ US2003/041148 [0071]
profueiiondfiintcaiibeusfed ketidd can be used to form such renovabl e
substrate material |ayer(s), including but not
limted to nelt extrusion, solution extrusion, ink
extrusion, spray coating, brush coating, dip-coating,
[0068 dn ¢ spsdific crbpdest pidks PreeobIreEtion, gypiapBlreus dichst pegtuk g3n be
& nﬁrnin t he renovabl e substrate material |ayer(s) over
forpghy # FrHEY Ol CRHPPEIEP B8t or is nmelt extrusion, which
i ncludes the steps of: (i) providing a renovabl e
substrate material as nolten; (ii) extruding the
nolten l: ' he. i nner
Cu#ﬁentﬁ%@%%ﬁgg?g?&ﬂ%%%@%ﬁH§25ﬁ%y§%u%%ﬁa ggired ,
t higgkneggning dtidadt ofOBYel Bltehdib1E QHRE plaRUA v Me ifher current
sufficient period of time, so as to forma solidified
| ayer ofoliesmovabl e substrate material: Such steps can
be repeated for multiple times to formnultiple
| ay@r ( sforngfg dnhienes alnaro@talysti liyeresvendaidrae tay abd layes ubsihsable
material (s). [0073] Melt extrusion is advantageous
becausesubdtraie ioteralid | ayer of the renovabl e substrate
material can be easily and_%uickly solidified by
codi ngformipg aepembemefomirg matesipliqyeipves the imer elagieocefplyst laysy; i n
a liquid bath, provided that such |iquid bath contains
a (9 qui e offerslectosnialist Iyt Perdhepgnprags-fosping witerisklgivpy e

TRt o bl Bl P oot

() attaching an outer current collector t0 an outer surface of the outer electrocatalyst

layer.

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

microfibrous fuel cell structure in detail:

FORMATION OF THE REMOVABLE SUBSTRATE MATERIAL LAYER(S)
[0070] At least one layer of a removable 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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substrate material conprises a water-sol uble polyner,

such as polyvinyl pyrrolidone (PVP), polyvinyl

al cohol (PVA), and pol yethyl ene glycols (PEG, such

liquid bath may conprise cold water, since nost of
Wha04MeT28? - sol ubl e pol yners di ssol ve onl y PATARR0GH0448

el evated tenperatures in a range of from about 40C to

about 100C, but very little or none in cold water at

| ower tenperatures [0074] Anot her preferred nethod
[00f7 @r Algyg %%b?eglﬁ% er% c(r:ﬁr e \e/ﬁ ltoefofsrﬁlil sﬁct’: remov%b?'zsgsﬁr?%lﬁgl %&i qugr%sx

o R L1 nimﬂmF G bAGY d&ﬁmz;rh&tr@ usidnl gtpmg go%gégg

a Vviscous ution of a renovab b substrate’ mat

codiihg, dip@3etifid) sHaRehot MBosiibsCOUS sol ution over the inner
current, to forma |layer of a desired thickness; and
(i) treating the formed | ayer of viscous 21 WO
2004/ 067259 PCT/ US2003/ 041148 solution for a

[0032]f & peferrat mgtied ifodoroing therrenovelde Sibstthie nfarighlayer& biedlibé innet
| ayer of the renovable substrate material. [0075] The

curightgeldseiar is @lexmndﬁhlqhh@lurl@ thswiabs of (8 povitinga wmerable subsiiate
can be forned usi ng any suitable solvent or

materl GemeEn (gw rtis} reoltengempablp anbptes ponaibiplcover fhesipner pusrent

cols oy 3 1 oo R 08 oo P Br ety "B PP
pen%& E[HJL gy to% r{nqgolﬁeg { e{f'l %f rte h(?\faﬁe su\é %g%c ‘nﬁghﬁ nSur?,gF%%prs caanl be

SU stra er a

repéaﬁ@?or bﬁiﬁpl@ eSO kolﬂrg t1bl@ la%Eﬁgf t&%ﬁmé o d‘ff%keﬂptleﬁovhﬂe $ strate

organi ¢ solvents, eh such’ vi scous sol ution nmay
matb@I(Ed by using a sui tabl e organi c sol vent or
solvent (s). Co-solvent or nmulti-solvent systens can be
readily used in the present invention, depending on
the specific types of renovable substrate materials
(0033 MEll dxO@BW6]is Tdveniagesis badatsy tef fosned Hayed 6€ thel Senedblet dubdmrate
needs to be controlled within an appropriate range,
matgrigh cap heaaply end quicklselidified byloding othish és eitipr edouing tout20Q@eair, or in
poi ses, as_neasured by rotational visconetry using a
2 h‘Bldd’é“kfoT‘édeGd Phaftsueh; ligpid éﬁh prafams g fiawidothat dess notA@éFaatlx fé'ﬁc or
o thick wi|| not apply evenly oqver

fem%"ﬁat% ar(?}é‘o"é 1e SYPETE R O PR AR CBF TR EXGTO™ a¥ike &hes‘iSPEl‘iHPan
t t

su e ol B0l P et dor R poB S 8 mol R Gpbidere, k1)

polﬂfnﬁ%ﬁﬁo‘i YP\&), aInH %015&1%9@{(0%]5%%} {ugﬁ ﬁquid bath may comprise cold

water, since most of the water-soluble polymers dissolve only in water at elevated temperatures in

a range of from about 40°C to about 100°C, but very little or none in cold water at lower

temperatures.

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

current, to form a layer of a desired thickmess; and (iii) treating the formed layer of viscous

21




material solution, a |layer of desired thickness can be
evenly applied onto the inner current collector.
[0077] Solidification of the viscous solution of the
renovabl e substrate material can be achieved either
W0,2084/06728¢ yi ng, or heat drying, or passi ngPEUUSRM3NHALRgN
a coagul ating bath, so as to drive the solvent out of

such visgcaus solution and.to saljdify t | ayer. of the

sl st BT BT ST b A3 = ot e of Bt b o

maliliscous solution of the renpvable substrate nateri al
I's provided at el evated tenperatures during the
extruding step, so that when it exits the extrusion
die, the renovable substrate material wll

[0073T B @c @k Yol GRABT O tren@bableN @bkt WaleQM) callbtCrotnRd bl Sisih@ Ryd
drop in tenperature, 22 WO 20041067259

suileld AdUBROR 36 P 1 48r ca@pleyl Wheh Ghei Bm@al9€ BibstaR| hfbritinah water-
requires mnimal heating for driving off the remaining

sohehis] ppbyyeric 8teeihl (.90 PHE.@Y'4, orPEGS sah Mgconssbleticnedy bofomsed simply
thermal |y i nduced phase separation process. [0079] For

by ysigirglats de selvsat when éhe pamorableatibstratd raaterialgs Fnwlymexit mategial that is
soI¥Lion easi |y (such as _pol ytetrafluoroethyl ene),

not SRR PRGSO SR 73 Pregicelverte Her scl Hicastsplution Emp hadermesd
substra material |ayer(s) _over the jnner current

RAE aesett%f? SRS KPR iU p ST o aliplaeet PR con be

r rial. and extruding th aste onto e

radl 150 165 AU Bl At S R i bl

matbrA%&EHql on, the extrusion step is preferably achieved
by pulling a fiber or a coated fiber through an
application die filled with a nolten material (as in
melt extrusion), or a viscous solution (as in

(005D | Thé iewdsig ot uksHiRBs solHon Bectids b euhikr@led RBhin & dpptbpriate range,
extrusion), to apply an additional |ayer of naterial

for ¢xpwple,ifrost Fhma 800 wisky eouni000 privy, ab measertthisit oatical sk @icra |
in this section, or a |ayer of electrocatalyst

usingrg Beqoididld foatingtpindhevitcomatart Aoplptioyhatis sapdhickf wil) eet ap evenly
shown_in Figure 11. Such extrusion technique is

overcBtiT AR 817 T ek colleriar ang) 2 apleiop it 1 dasi tin Wilhery e be
T TN YL

A : | ELECT TALYST . LAY! 0081
mat%%;ﬂ%]c_llmog fayer, -Q"_l E?SHGIXNE €S8 Can E‘%ﬁeﬁt apgled o?ﬂoc%gen[ﬂﬁ culrent

Innér ‘and outer electroc aye
colide@rmed either ab init/o with the hollow fibrous
menbr ane separator, or by subsequent catal yzation of

t he holl ow fi brous nenbr ane

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

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

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

substrate material will immediately come out of the solution, due to the rapid drop in temperature,
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separator, according to various catalyzation nethods
disclosed 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 THE
VZEPNB3/0572%hi ch is 1 ncorporated by referenceCHE$2803941148
[0082] The ab br/ito formation of the inner
ectrocatﬁ % | ayer can bejgtgyeved by various
respHiRgRe-oHe: f’}a?%ﬁs Beima] §eatng i e pihthe repping sHGY Sprb
Pro esr %ésu%il? ?éferrgg 0 as P{ é@geg Elgdh %qopg(%;lasg g;,] q Sgg (r)nr cal
dep03|t|on. 23 MD 2004/067259 PCT/U82003/041148
[0083] Ink extrusion is a preferred method for the ab
[0079]1 Fok QerhREHIR kRO fmalehis 1HRNGIH Rk Gk QC ALY %ssﬂy | @M;ﬁ ras
over the renovable substrate material |ayer(s)
polfaEiRg@RdethiyIBIER ikl eRifusioDbERIsb BKuseKio ot tRY YemdVREIA ﬁlﬁshﬂﬂhatenal
include the steps of. (i) providing an ink paste
layg@)qyed ted imgr arrent baledior Gy ptosiding b pasitofsublademovakle supstrate material
extruding the ink paste over the renovabl e substrate
andiggiruding thi pdsta e the inner tsrefitgplieetar. | ayer of  desired
thi ckness; and (iii) treating the ink paste for a
sufficient period of time, so as to forma solidified
yer. [0084] Th electr?cata y

I
WO?P@?%%%{%}% ‘yﬂa § @lsusipn;siep i prefet E’CQCIé‘&"e'fl HRHg ﬁé?rc?aﬁ

coa%t? Eﬁ)ser r:auﬁ1 E}ggtgo%td{eﬁ'ﬁﬁ%w&oa mlt,)lar lﬁ}ap%%] gﬁeﬁml{ ex%uszon ora
wsckﬁé”%ﬁxh ag in éoRBb 04 @l ; Eas{e { %%k S&S"S%%l? an

suc ectrocata yst terl rrses p atlnu

addﬁlnﬁt lhﬁf'@uﬁ{e}]QXﬁr m%gé" a Byer Bfraﬁévgﬁl@guﬁéﬁ%@ St nahik £2¥ion, or
platinumrutheniumiron alloy, platinum nolybdenum

a lagk bQotropdtadfst Matalih the Adxtisdtidh) s such idr] 28 tHawh inFigake! 10Y Such
and pl ati num ni ckel alloy. [0085] The i nk paste as
extrusioadechriqut s gombis®ini of wiveeniting indrpalrud@niricacbeaised taraghouan
electrically conductive material (such as carbon
this prplighéion forexirding bn giditichel Biyer afreterd] ewe 7 binyfibe, t he
el ectrocatal yst, and any other suitable
perfornance enhanci ng additives. Specifically, such

b d h | |
FORMA a%%%m”aﬁww%ﬁ%@zﬁﬁmﬁeﬁ ot acrral yte
t hat .c

{OOE{%’EH?” al r%)dho% er elﬁc;g%g 3’.%*33 recﬁg Pe ogxljed e eﬁ 8%: Vfﬁgrvrl% tlgerhoilow
fi bm% % Elxgrr n@é]a?artc!r «%I]r’ bya%gsegxe{ioéaﬁg&tnbn IP %F l?o%t fi&gﬁtrgén%rc'ake

mat er suc
separator, according to various catalyzation methods disclosed in U.S. Patent Application No.

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

reference herein.

f0082] The ab inltio formation of the inner electrocatalyst layer can be achieved by various

methods, including but not limited to, ink extrusion, spray-coating, brush-coating, dip-coating,

. chemical deposition, electrochemical deposition, and vapor deposition.
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about 5% to about 90% based on total weight of such

i nk paste, and preferably from about 20%to about 60%
based on total weight of the ink paste. Specifically,

a catalyst slurry commercialized by Johnson Matt hey,
Wha4/wi2sTayl or, M can be used for purpos@CHUS2003/041148
practicing the present invention, which conprises 20
w % pl ati num carbon powders and 5 w % Nafion(r) bi nder
[ cerol solution. 24 WD 2004/ 067259

ingly (
oA ARG e A 50 B
B8 Gt 60RO DO AT e prilh Boh S T Eirsion
methéEmVEVRRAN SN v %SEWS&Q&%@:&J@ 8lyst material;

menbrane-formng materi al |ayer can be fornmed over the
(ii) IR Rng MOl F6 dbel HeSemb@ye kubstralymABANRES(E)S tololnd b 1dver of
those for form ng the renovabl e substrate materi al
destr@iythitkness;. o@d (i) treating cherigk faste for B Gliffidi¢nnbdried off tmety®] 4s to form a
extrusion, solution extrusion, spray-coating,
soliifiedsdlecyagatelishigyer-di p- coati ng, and vapor deposition.
[0088] A preferred nmethod for form ng such
menbrane-formng material layer is by solution
éﬁb&usion, i ch includes the steps ofﬁdﬁi) provi di n
(00881 \lihe elereceEbptmareet ¥ carmrishb e eslpdrdriiomdhe fHetperisiing o
I1) trudi ng. t.he vi.scous.sol uti, over i nner
Pl %, SIS P, B RSRE i iRl B Gyl e
e hi _ (b (eat | | i
rio BN SRSy BB et} (B o Qech i N Syl il o

platBieh | Abys] &eh 18 pREARGuhAf agy,n@&ﬁﬁlh-a{meh%%n D30 $Rlinuie

vi scous solution may contain from about 10% to about
mol Azl SAPRinE GR5RRE alldy RS B S kh BlatinbBRSieE] Mi0y.t ot al
wei ght of the solution. Various solvents or sol vent

systens can be wused to form such solution, depending
on the specific kinds of nenbrane-form ng materi al
[00&§k dte ink fratte esxwpdinethe wieent Bvrotionnmaybrospse fap taait g electrically
materi al conprises pertluorosul fonate iononer
condyetiyp maiedal (Fagheap pasos povedse o mptal paaifdird tierciectolitePdm elpctrocatalyst,
Fl em on(r) (Asahi d ass Conpany), Aciplex(r). (Asah

and @y qiher, fuitkl Prafagmpnce spanaing padities CRARFIESab seeh] ink pgste may

wat er -.al cohal co-sol vent system . can, be used to form
compite QLSS s SPUED Bn 51 SRR ISP B PR e Sloronte
mateliriglttﬁag ls %le 'sarr%pag ﬁllatfcloﬁgileld%y 12 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 sqch ink paste, and preferably from about 20% to
about 60% based on fotal weight of the ink paste. Specifically, a catalyst slurry commercialized by
Johnson Matthey, Inc. at Taylor, MI can be used for purpose of practicing the present invention,
which comprises 20 w/% platinum-carbon powders. and 5 w/% Nafion® binder in glyceroi

solution.
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Nafion(r) layer can be forned by pulling a coated
fiber, which includes an inner current collector, a
renovabl e substrate 'material |ayer, and an inner
el ectrocatal yst | ayer, through an applicator die
WQ 047258 t h a 20-30 W % Nafion(r) sol uti oRCT/EE20038411¢8
extrude a |ayer of the Nafion(r) solution onto the
coated fiber. 25 WD 2004/ 067259 PCT/ US2003/ 041145
[00p ol Tk-prte B PB freatcd. 0TI et Ftng o sqniapting apch gk pape with 2

subsequent | olidified by, heat .drying, or by

“wgg SEF g 2 ﬁ%ﬂn?§%@ﬁ§VF?%mjm%ﬁﬂﬁﬂ%%?ing agent for
enhanced solidification of the nmenbrane- formng
material |ayer. Preferably, such nmenbrane-form ng

Fo%ﬁ;{\glﬁh\r% TifE NENERAGEFERVRG MATAURY @9y Lenperature,

is at least the glass, transition tenperature
[00£7] he DEmiate RorRRE RLAAS 14/ cHH 1R YormBPEVEY th@dnner 3BEHobRES: Tayer,
cooled to forma solidified | ayer. Mire preferably,
by 18l $imAiliae fol thdse fofs fofmifiitle Binovable SRR matetifl @aybr)i.cg incRBigEbUD |
from about 100C to about 250C, and nobst preferably in
not #mjtainig encty fextrusion rrplaiyo ek tndidq Gprepcaatngubrushs0:0ng, Hipecoging, ang)
tenmperature can be readily nodified, depending on the
vapgdenepifigne r equi rements for the formed menbrane | ayer
Usual Iy, the higher the curing tenperature, the |ess
wat er content in the nmenbrane |ayer, and the stronger

| ,. b the t de off is.that.the .

roode e hep R oimgre aith Tetrant BTt el H S P P
. ivity.. [0091] The hol | ow.fi brol

cxei, Bl OWLacs SORH! S obtan QR TSNS | Stk ERUS:

menbrane T or ned can

mat&'@ffn éﬂ) é!trlutﬂgg thc?ﬁé@ﬂ%&i@cloh Mvepéle Finep Qgétgcaﬁiygt%y&,o’.o}ﬁrﬁ alayerofa

material, 'such as an Ion-conducting ceramc or
desife® hyoRREs; andAlilh BEabRH thy/BYeY of vieal sdlRibh ¥ bt aURnsETamaARS
so fornmed nay be m croporous, having a solid

forned sokdified higinBran¥ebrelingadatetifipy@gnat ed i n m cropores
t hereof. Specifically, such hollow fibrous nenbrane

may be mcrofiltration, ultrafiltration, or reverse
osnosi s nmenbrane, as described in Eshraghi U S.

(0088 Teantisciks, solgtia]@aysepatain FEORMRTUL ARYo QF atES(JPERCch membrane-
ELECTROCATALYST LAYER [0092) The formation of the

- formngimaterizly bazed proietak gk te syjion.j arigugsplycaty opighven wsismt (1B B

substantiall]y the. sa as. those for formng the inner
used39 BT P S SEPERISRO MRt e Gty il el

For %}lcazen% e,r > e%t Qulcl}/ Sr’rgembrane—forming material comprises perfluorosulfonate ionomer

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

the coated fiber.
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| ayer is fornmed on top of the nmenbrane-form ng

material |ayer, while the inner electrocatal yst |ayer

is formed on top of the renpval substrate nateri al

| ayer. In order to enhance the structural integrity
VOI 20044672501 t i - | ayer fiber structure so for BEHUS2803/041148

sol ubl e protective coating is preferably applied onto

t he outer electrocatal yst |ayer. 26 WO 2004/ 067259
(0P TThe e dorming gitergt iy aqn bORbs et soksiiied PEb e pby

093 The repovabl e of th bstrate mat eri al depends

co %’ﬁ’@&wf & PeBlngset 3‘56 apoet go ldfﬁéf‘tﬁ’ﬁ"élthedgeg Tene-
fonﬁﬁ% nhteenagrger Prfztlexfablt Qgchr & ranebflfgI Ghin u b tnéle}g Ers(i r.‘lures at an eleva?ed

nvolve

temﬁéfﬂn’la %dhqp at lkafst ttub Slasg %&B}ﬁﬁp {eﬁ‘lpéeulgé Q’{gﬁ“ﬁf“ Fdlmhl%ﬁltr@ -ftlnéung

e materi al hen the tenova I'nVo
matefﬁh tahmen dobled B eonwmmﬁiah S URBLepRkabyBSBE Inftbrial B cfed at a
sol’'ubl e material, then t%e removal W Il involve use
temPdrat@e $10d M@Rlof BbIB Iaboasma‘n: Bebalt 258PC, ahKRbdt preRALY HOARLE of
solvent, or water. Preferably, if the renovable
frorg etlosit 10 & Ceo sbattd fU°el Tieongitaperatare weitte readityl rddified, dedeydingron
the renmoval will then be carried out by imersing the
the r#pecHfic Teqyipementy |ereﬂle Jormede mambsarielaygtat dfsuglipr the higherf the eirisat

period of tine, runnin mater througg a bore of
m’%*‘ﬁ?é‘ﬁ 51 L¢sp W?tedry@rtenf iﬂﬁé‘rm%‘tbl?aﬁ% XFF’ end the strogger fig mephraRedaysr,

antive rt| of the vable sulstr

b fﬁﬂﬁ?la a5 o s g, st ol S il U Shps s dov,

col gvated tenperature in a range of from about 40C to
abou 100C, to enhance renpval rate of the substrate
material. [0094] Note that conplete renoval of the
renovabl e substrate naterial is desired, but not

[0091E G4 hdddw rBiGd NGthAD radd tyQRs Afp LH®e HisGlObdrbrAY Sonfitigl
cells in the present invention. It is possible to

essehtRIP\6E a040liy/ cRetfpbied m@eriaqfsubthes & RS bRAbRInfatehicalr @lymbhe
time when individual mcrofibrous fuel cells are

~ Altefrativelydsuclp beikhvefbsma membrirtei ol fermad ewpbé briaapsrofis bivirged folid
to forma nodule with a bore side and a shell side,

elecaahde snatsgad inerseraied fif ovicroetes rthardef. o Uigkrifichlly, sorhehodipw efibepfus
such mcrofibrous fuel cell nodule to renove the

membERG TR PromisigBlaetions tétr%%qn; 1 TRReR) PRIORR IBPrans. gyfdegcried in

i_brou fuel cells in such nodul e.
:%m%%ﬁggﬁg?WS%Véﬁ 5E£ configurations of the renpvable

substrate structure descri bed herei nabove,

FORMATION OF THE OUTER ELECTROCATALYST LAYER

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

applied onto the outer electrocatalyst layer.
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conprising either a renoval interface in contact with
the substrate nmaterial, or two or nore renovable
substrate nmaterials of different renovability,
facilitates renoval of the substrate material, and a
weng@d728y di narily skilled in the art can PEHU$S283/041148
choose a suitable configuration adapted to specific
stemrequi renents, consistent with the disclosure
REHérVéMLrDF SNBSIBAES WATEEAL PCTI US2003/ 041148 [ 0096]
| owi ng are_exanpl es of variaqus ink coatings_that
[OOH%?{\[@E ereYabls o Pieaubatﬁfﬁomﬁm freFnds gp g PRFHiE, feffwb ¢ POsEfg
TABLE _ |

aftel R it o Rl Be St Bl s Y bt AR g
thegglgogﬂvgﬁ] g?:llgc?ng e%g?ﬁr?ar%lé"e‘gﬁ% "“%‘/&1 By %% TH o

thet hl@trén{bklzmwﬁﬂ- {otve n]:e E\{P the AR s%trz;,lte Pttt ¥6SsoA0 miaterial,
P 25%\afion 1 2.5 10 Yes 150-200 800 - PVP 25%Nafi on

theﬂ-tha rémoPal WEIS m@v&ﬁ@of&ﬁ;@lv&n’c EMIP s QOAS dnQilcall, a8 ofgaric S688nt, or
60-70 150 for 20% PVP W PVA 10%afion 1 2.5 5 Yes
watt0 - PFerdi30) -iB BO réfoedble Guidtdé mnekial 2%R%4P 2 2GweAéoduble(fdlymef) the
PVA 10%afion 1 2.5 5 Yes 120-140 >800 Open"C. 89V and
ren@GY/ovR)/ el Bmidrdat @f By inh@8ddafthcomulideyer fit€@pemciOre 38 Wammnfir 2
PVA 20% PVP 1 2.5 5 No readin | O/ cnZ 0.5V) PVA
sufficfroRpsFioda time op ipvmnipg watsr tyough a barg obxach mHYsr fiber structure, so

as to remove a substantive portion of the rermovable substrate material. More preferably, the water

is heated to an elevated temperature in a range of from about 40°C to about 100°C, to enhance

removal rate of the substrate material.

[0094] Note that complete removal of the removable substrate material is ciesi:ed, but not
required, during fabrication of the microfibrous fuel cells in the present invention. It is possible to
remove only a portion of the substrate material at the time when individual microfibrous fuel cells
are formed, bundle/seal multiple microfibrous fuel cells o 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

futel cells in such module.

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

adapted to specific system requirements, consistent with the disclosure herein.
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PVA 10%\afion 20% PVP 1 5 0 Yes 50-60 1250 PVA
109%afion 1 2.5 5 Yes 100-160 4400 -- 20% PVP PVA
109Nafion 10%°VP 1 5 0 No 30-40 850 PVA 10%\afion 1
2.5 5 No 300- 1000 10% PVP 3000 PVA 10%Nafion 1 2.5 5

Wa0EQ6RI0 2200 -- 20%°VP TABLE |1 CQut er PCT/US2003/041148
El ectrocatal yst Layer |Ink Conposition Resistance
ohms) Carbon Water d ycerol Spacing Spacin

[00RRd ¥odlpwiamh e cxammlrs oF vimRby B copistolidimm been mrﬂ?&wcsa fibep
259Nafion 1 5 20 Yes 250 1200 -- 25%Nafion 1 5 20 Yes

s@%@%@fﬁ%@wz@rom e‘ﬁ""’fgif’.”%y"fto Yes 300- 400 >3000
-- 25%Nafion 1 2.5 10 Yes 300-400 - 25% Nafion 1 2.5 5
Yes <110 30 700 -- 25%Nafion 1 2.5 5 Yes 50-120 550 -
25%afion 1 2.5 5 Yes 6p5@QG 600 - 25% Nation 1 2.5 5
Yes 80-200 700 -- 28 WD 2004/ 067259 PCTI US2003/ 041148

Inner Electrocatalyst Layer
Substrate Ik Composition Resistance (ohms)
. : Performance
Material . oz |Carbon) Water |Glycerol . Spacing { Spacing
Binder (w%) %) | (we) | (w%) Platinum <1/8” _q»
- PVP 25% Nafion 1 5 20 Yes 500 - -
VP 25% Nafion 1 2.5 10 Yes |150-200( 800 -
PVP 25% Nafion 1 2.5 5 Yes 50-100 | 250 --
10% Nafion 150 for
PVP 20% PVP 1 2.5 5 Yes 60-70 g - _
10% Nafion Open=0.99V and
FVA 20% PYP 1 25 5 Yes 50-70 [250-300 20mAlens (0.5V)
10% Nafion Cpen=0.89V and
PVA 20% PVP 1 :2.5 5 Yes |120-140( =800 10mA/cr? (0.5V)
10% Nafion No | Open=0.98V and
PVA 1 gy pvp 1125 5 NO | rending | 10mA/cn? (0.5V)
10% Nafion
PVA 209% PVP i 25 5 No 140-240{ 38000 -
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 -
10% Nafion 300-
PVA 10% PVP 1 25 5 | No 3000 1060 -
10% Nafion
PVA 20% PVP 1 |25 5 No 50-170 | 2200 -
TABLE II
Outer Electrocatalyst Layer
Ink Composition Resistance (ohms)
. Carbon|Water [Glycerol] | Spacing | Spacing Performance
o,
Binder (w%) W) | (w%) | (%) Platinum <1/8* 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%Nafion | 1 | 25| 35 Yes 1}3‘ 700 -
25% Nafion 1 2.5 5 Yes 50-120 | 550 -
25% Nafion L 2.5 5 Yes 65-200 | 600 -
25% Nafion 1 2.5 5 Yes 80-200 { 700 -
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[0097] In an alternative enbodi nent of the present

i nvention, the ink paste applied to the bore and/or
the shell side of the hollow fibrous nmenbrane
separator nmay or may not conprise electrocatalysts.
WD04%2x¥pl e, such ink paste may conprise ROI/PHa3/0ma4R
catalyst but only carbon or other conductive

such as n|ob|un1 titanium titanium
[OOBHr Tﬁlaaélfeltatteaeﬁtbtﬁlﬁiﬁ%t o thegereseqt pyvengipn, e ipk vaste prpded to the bore

R A e A e o
SRR MR B STBAE Ahomdk W Sh8 e

or btﬁérocoﬁdupﬂ@ qﬁa%nal@ Csﬁcﬁ’lr A1 RGP h%c AR 285k ViRl Bgﬁe
di scl osed U'S." Patent Application No. 10/253, 371

niobiluh Sﬂbl&mmm 18I0 bto. 2%ialy 23R of B micMiteRORBLAeN EbBL-carried out
CELLS, FUEL CELL ASSEMBLI ES, AND METHODS OF MAKI NG THE
afteSAMuval pOBOBhovEbE fubeiate @MAT) @ Svel Nafer, (1.0 Mtetl B6bmbEgadf At r
regardi ng fabrication of mcrofibrous fuel cel
micgifiboet Weleslisainte orididiyg atcordime éd e cedyzipootithmdndisloadd it RES.
present invention: EXAWMPLE 1 £0099] In the fabrication
Pat?ﬁ*t Applisation Ao fLIBPESUL Gedein Feplember (244 P03 ferx SMPRECERL FUEL
304-grade stainless steel wre having a dianeter of
CEM- S B0l GRIL APEVPHES A0 MRZHPRHEF Mét?Pﬂﬁg'ﬁtlE ed¥Fect or.
[0100] A renovabl e polyner |ayer was forned over the
i nner current collector by extruding onto such inner

I e P
10038 S L R i R - g R Bl i o oo
strulStRE PR il U preferte® b WRRLDYr 16, gyas&emve[i@otm] The extrusion
process conditions for the P 60 were: Line Speed: 3
m m n Extrusion Tenperature: anbient (approxinmately
72F/ 22C) Extrusion Rate: 0.54 mi/mn Extrusion D e
EXAmPEHE ce: 0. 053" 29 WD 2004/ 067259 PCT/ US2003/ 041148

Extrusion Tip: 0.023"x 0.032" hypo-tube IR Dryer
[0099¢ Aythir fabricatian of the microfibrous fuel cell in this example, a 304-grade stainless steel

n.

wire having a diameter of 0.020" was provided as the inner current collector.

[0100] A removable polymer layer was formed over the inner current collector by extruding onto
such inner current coliector 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

Extrusion Die Orifice: 0.053"
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IR Dryer Set Point: 425C [0102] After drying, the
fiber was collected on a spool. The cross-section of
the fiber was exam ned under a m croscope and
measured with a m croneter, show ng that such fiber
WER0HeR¥P | ayer of approximately 50 to 6BCTULMGMASII4Nd
an outer dianmeter of approxinmately 600 to 617
m crons 0103] A nenbrane | ayer was subsequently
f orfEBsigdé such PVP WTB@Q??eéYHOr%r by extruding a
Nafion 1100EW pol ynmer_ sol ution (DuPont DE- 2021)

t heF &N Leg04] Speci¥Fcal ly, a concentrated sol ution

of Naf i on Was oI epar ed by evaporating a
di I%#@@I%P/Wt% Naf i on f%uPont DE-2021). A first |ayer
of the concentrated 31.5 wt % Nafion sol ution was

extruded onto the PVP-coated current collector. The

018 tArids m%g,%p %e% 3wa§ @aﬁbtsd 808 sfodl Thi BBssddotion WE Ho B R
were: Line Speed m m n Extrusi on Tenperature:

exafMied @8dr a Gﬁﬂd@ﬁ(@éﬂhﬂ&&{eﬁh&d Wi rdiddotheterFonbvribiSthQ BuclRAibeg has@ PO R
m/mn Extrusion Die Orifice: 0.034" Extrusion Tip:

lay<D .00 Zpproxinlately(¥0yte 160 lngierops fand dn oufer diaRele) yfeapprietnatlpicnd to 617
400C [0105] To ensure formation of a continuous,

mictoeak- f ree menbrane, a second | ayer of concentrated 32
wt % Nafi on sol uti on was extruded over the first |ayer
of the 31.5 wt% Nafion solution, under the follow ng

rocess. condj tion

extrusion 30 VWD 2004/ 067259
IOHB@W EPFES R THusbsequen f%ﬁ@ioaer Slwhr%‘%ﬁﬂ~°<@;&é% i g jtruding

aNar:ﬁi{ff@gﬁJﬁ&%? 85[*116 Q%’Pigﬂ?ﬁﬁ?@ jgmLely 72F 220)

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

the 31.5 wi% Nafion were:

Line Speed: 2 m/min

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

Exirusion Die Orifice: 0.034"

Extrusion Tip: 0.027"

IR Dryer Length: 1m

IR Dryer Set Point: 400°C

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

the following exirusion process conditions:
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Extrusion Die Orifice: 0.053" Extrusion Tip: 0.031
"x0.0355" hypo-tube 1R Dryer Length: | in IR Dryer
Set Point: 375C [0106] The Nafion-coated fiber was cut
into desired lengths, dried at 70C for 30 m nutes, and
Whepd/068a% - set at 125C for 1 hour. The cur 8aT/H5203(041148
wer e subsequently placed in warmwater for severa
hours to di ssol ve and renmove the PVP 60 | ayer, so as

LigsSesed | unen i nsi de¥™e hollow microfibrous Nafion
ra er for passa | i d_or._gaseous fue
W%QW H%m¥5ﬂ¥ Mﬁthdﬂi gﬁﬁﬂ@WF% y#%@&% er current
col [0107] Th and outer dianeters of
sué#gﬁﬁ mﬁ wncroflbsgﬁs i on nenbrane/i nner

cuq&&&%nggkhgg;or assgiply so forned were about 570
and 760 m crons, respectively, while the thickness of

t hepxNakon ah: nenbrane HﬂE@ﬁoMﬁ?q@ﬂQﬁ&%lﬁHte|y 85 to 95
m crons. 0108] A conplete mcrofibrous fuel cell can

t harDber feagh:i cat ed usimg the above-descri bed hol | ow
m cr of i brous Nafion nmenbrane/inner current coll ector
as B Pigles/Set Bopnt:cat al yzidigct he bore and shell sides of
the Nafion nenbrane |layer with platinumaccording to
the catal yzation techniques disclosed in U S. Patent
10/ 253, 371, and then plac an outer

[Ol@ErTih%Hfﬁ°le“g$aFeééﬂ’8rwaéfut Héfséﬁﬂﬁﬁd&ffnéfhsh ek e e Tpirs. B
01091 T

PRt ot 5 G Rt N P PR e s BTy RBRg b g vater 1

smg@ sl BT Oho B RO 31 Bk | BHE] Gl BB

or app ion e Wwre

mmr%ﬁ%{s @ﬁﬁ&ﬁ%ﬂﬁf;{é 1%%? 9;9?1 Qée]rﬂfﬁ&ld &gt OR aRHIR G bt RiMGY ©

Infrared dryer - long Belted pulling unit to

mm&ﬂ&@@ﬂﬁﬁamﬁﬁhmaﬁﬂugh the process Take-up unit to
collect the final product on a spoo

[0107] The immer and outer diameters of such hollow microfibrous Nafion membrane/inner
current collector assembly so formed were about 570 and 760 microns, respectively, while the

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

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

380 micron on the shell side of the catalyzed membrane.

[0105] 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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EXAMPLE 2 [0110] A holl ow m crofibrous Nafion
menbr ane/ i nner current collector assenbly was
fabricated by a process simlar to that described in
Exanpl e 1, except that the renovabl e substrate was
wWe#0s712800 of two renovabl e pol yneric | ayeP€T/Us20s/041d48ng
a first renovable | ayer of PVP 60, as described
herelnabove in Exanple 1, and a second renovabl e | ayer
PO VY| al cohol PVA (Elvanol, grade 70-62, from

or é\@%w%%ﬁér%%ﬂﬁ%rﬁ%%’ AR e

mﬁBd@ggﬁm t%g&&%gﬁ“ﬁﬁmzﬁﬁgngﬁﬁgoncentratlon of such

sol uti sufficient viscosity
f OrTaIchﬁ: u‘ﬁ?ﬂo oHifk QR £RH1BRBRBon a b NSUr € conpl ete drying
of the PVA layer, a second infrared unit was put in
line. Process conditions for the PVA extrusion were:
Li ne Speed: 1 mmin Extrusion Tenperature: anbient
EXAWPIR DXi mately 72F/ 22C) Extrusion Rate: 0.23 ml/mn
Extrusion Die Orifice: 0.034" Extrusion Tip: 0.032"
[O110R Affellpw wérofibwngiiddion thembmane/fuRer #drrely apgctoBessenidly wes fabd@BC
[0112] The thickness of the PVA | ayer so extruded was
by Hpeves i & th@scﬁméri@ Hgample3ly exqept A0 dhegempede substrate was
PCT/ US2003/ 041148 [0Q113]. As_ in Exanple 1, two_| ayers
congiyted b R FriPble olmeric dersoniiding 3 i remeyRils [rere @t BYE 8028
PVA

ated fiber, which re tl
deS%“E%a%?P? S5 PoGOMIE =it st Ay E SR g A Aong e A
5ol d wth tepid water, so as to
Uﬂv gg§éoéﬁ§%ﬁg§§P%Fnterface to facilitate further
renoval of the PVA | ayer by using hot to boiling
water. [0114] The hol | ow m crofi brous Nafion
[0117P K FaGBusi sBIGRSn of BV A &Y pr&ftel 8¢ bredu s SQABhY 1h8 OVA QbHRE in
had i nner and outer dianmeters of 565 and 780 m crons,
hot Wveis{@ih istitthgy Thd PUANGohoedt@tion T il ilubics whai@d wi%, 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 condifions for the PV A. extrusion were:

Line Speed: 1 m/min
| Extrusion Temperature: ambient (approximately 72°F/22°C)
Extrusion Rate: 0.23 ml/min
Extrusion Die Orifice: ~ 0.034"
Extrasion Tip: 0.032"
IR #1 Dryer Length: lm
IR #1 Drver Set Point: 425°C

[0112] The thickness of the PV A Iayer so exiruded was approximately 10 microns.
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cell was fornmed by depositing an inner and an outer

el ectrocatal yst |ayers on the inner and outer

surfaces of the hollow mcrofibrous Nafion nenbrane,

and by placing an outer current collector on the
whetdosestde of the catal yzed Nafi on nmenbr aR€T/usg03/ 041148

described in Exanple 1. EXAMPLE3 [0115] A

m crofibrous fuel cell was prepared as follows: L&élG]
(01131 - Asip Pasmnde 1. Syreleves of sericqpirptef Nafigy pelesion aens extiupsdrnio fg ghe

first faormed by extruding a 45% Luvitec K60 PYP
PVQBY%?%H ﬁbgﬂﬂ“ﬁ%i""éﬁs‘@?@& “685??5‘? Fretnaarb ERtg-alhe laver
o A Bt D S S5 B Pt b R
furfig k1 One PRyl IRR ARt kOl vy Aver s of

coﬁ%gnt?g%%ﬁﬂggmmﬁooﬁgﬁﬁ%n SO utfon were sequentially

extruded over such inner electrocatal yst |ayer.

[0117] Specifically, the 32 wt % concentrated Nation
{01V STHO BbiRiveerofit ot \MARGT Bénibige/RAndlichridneeblicdNa fatsefiblp.ed fatnked@n
that contai ned 20 wt % Nafi on 1100EW (from Sol uti on
had Trieretund budg Hamdtargof)563 and AB0 nibrids respectifelia | Acowmplets minnefibivad fioed .
The concentrated Nafion solution had a viscosity of
cellg9e foraddw depositing apitasnné eh dyjer eleatrodatatystdayats oy Ihs dnoerendputer
(Brookfield LVT nodel) with a #4 spindle at 6 rpm
surfpeyy 9fghe Tplew migrosibipuy Nafipn mepabaae.raad by prsinsig OFtFFéuFT‘PE golector

I rocatal yst | ayer S prepar.ed, bl.endi ng:
on B G PSS e BB PR 1000 1 1 orn
Al fa Aesar) 16.0 33 WD 2004/ 067259 PCT/ US2003/ 041148
Dei oni zed water 3.5 [[[ 5% aqueous Nafl on sol ution

< Afip Sol ution Technol ogy, Inc.) 56.5 3% polyacrylic
B ac”%ﬂ%4.0 [0119] The 3% pol yacrylic acid was 4 mllion

101 MV A Welofbus BELR I8 rdIREER Whids: Wei ght) dissolved [ in
5% al cohol - based Nation. The viscosity of such

catal yst ink was about 9 poises, as neasured by a
Brookfield LVT rotational visconeter with the #4
[01 ®pisneinevabit 1260 of priviny Oy OljdorehBVEIrvas dsss focrasd dyy extantieg & 65%
t he above-descri bed extrusi on processes are outlined
Luvitgy 68 VP solution (supplied by BASF Corporation) around a titanium wire. An inner
electrocatalyst layer was then applied onto the PVP-coated wire via ink exirusion. Two
membrane-forming layers of concentrated 32 wi% Nafion solution were sequentially extruded

over such inner electrocatalyst layer.

[0117] Specifically, the 32 wt% concentrated Nafion was obtained by cvaporating 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 ' % weight
Platinum black (HiSpec 1000 from Alfa Aesar) 16.0
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following Table M Each of the extrusion steps were
perfornmed at an anbient tenperature of approximately
72F (22C), and the drying was done with a nedi um wave
infrared unit, 1 meter long. TABLE |1l Inner 32%
WE0p487232% Nati on  Material : PVP 60 Bore paRUeW/OMEYSr
2"d Layer Line Speed [in/mn] 3 11 1 Extrusion Rate
[mM{mn 054025043043 Extrusi on D|eOr|f|ce

0. oggomAsd 47" 0. 047" - Extr Ti -
0.0 aquawb Gion 2 o s T PR

PAYEASE - IR Dryer #1 Set Point [c]4 25 400
375 375_ Applicator for 20 % Nafion no yes no no IR
Dryer #2 Set Point [C] 400 375 - - Layer Thickness

(016971 CHeQBSIolyR T 2E0Ms 59@%@1&@(&9@@;@;&3 ‘?erH.ﬁ:Q Lreigh ARG

of the nulti-layer assenbly so forned
in S4p plebli-bamet elafonB ARk iRoshil OF subfl GRRRSHKk W 11%31] 9 $9ik6d) as measured
mul ti-layer assenbly was then cut into desired
by 4 Brogitiield LVAmotaicdabriscarhax tvith tha tibdpinglt at 6D gyer was f or med
over the Nafion nenbrane | ayer ink, by brushing a
catal yst ink paste thereonto. Specifically, the
catal yst ink for form ng such outer electrocatalyst
01Uy - prsess prodifens der tyyabprectseribrd exirusion propesssipgutlined in the

mat er i rial % weight 34 WO 2004/067259
vt EG B P o1 6 PP PR BeERmed iR QEbiR GemRerew of
appl%lxﬁ'n%te@%%r &2"&? an8d tPe gl \nzfa% %one wﬁ% a meglum wave infrared unit, 1 meter

long.
TABLE T
Inner 32% Nafion  32% Nafion
Material: PVP 60 Bore ink 1" Layer 2" Layer
~ Line Speed [r/min] 3 1 1 1
Extrusion Rate [ml/min] 0.54 0.25 0.43 0.43
Extrusion Die Orifice 0.053" (.057" 0.047" 0.047"
Extrusion Tip ID - - (.039" 0.039"
Sleeving Dic 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] 50pm 20pm 50pm 50pum

[0121] The outer diameter of the multi-layer assembly so formed was approximately 300 to 810

Microns.

[0122] Such multi-layer assembly was then cut into desired lengths. An outer electrocatalyst
layer was formed over the Nafion membrane layer ink, by brushing 2 catalyst ink paste thereonto.
Specifically, the catalyst ink for forming such outer electrocatalyst layer was prepared by blending
the following materials:

Material _ ' % weight
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5% al cohol based Nafion solution (Solution Technol ogy,
Inc.) 66.3 Polytetrafluoroethylene powder 1.1 (1

m cron particle size, Adrich Chenical Conpany) [01231
The catal yst ink paste was dried in an air-circul ating
WO/ep/g125970C for 30 minutes, and then at RQBCSH@G041148
hour. [0124] The nulti-layered fibers were then placed
in water with sufficient tinme to dissolve and renove

th PVP se the Nafion nbrane
Iaigim (Em%gﬁﬁg?ﬂgg%P :%%I i de the Naflo égerrbrane
| a ous fuel
oxl e 110%”7%?& BB cliol S TBER ARSI L ok
(i @nmmh%%ﬁ&@ﬁ%ﬁﬂ%ﬁﬂdﬁ&m&@&hﬁﬁbOr) thereln [0125] A
conpl ete mcrofibrous fuel was finally forned by
pl aci ng an outer current coIIector at the shell side
[0103] THa eatdlyet inlagserel wadtkedia hind iyoirOdlatipdve Ot 70PEITEH 30 Rfuiek) BT then
current collector fibrous assenbly. EXAMPLE4 [0126]
at IR§PCtidril doEx anpl e, the m crofi brous fuel cell was forned
by steps simlar to those described in Exanple 3,
except that a different catalyst ink was used for
m ng the outer electrocatalyst Iayer, and that an
[01%&1 d]ihf’ iRy ifherp et det Pl'?r‘@d I‘Taveé?f viith s F‘%PED(‘ Figpg o dgsoloy

i ed over the_ out ectroca al yst Iayer taq
femﬁ‘fe&?%% e b o A%fs‘.easmé a t?agwef@ﬂet HE 79 Dr 5T BaCarmist §e
hr hethe & 2
e LR b ot Pl gt ol R B YOPR s e
N cTUNy t: was prepared by bl endi ng
it t he o(ﬁ %é}rgpﬁng%%@gﬁt&ﬂé{% erial % weight Platinum
bl ack (H Spec 1000 from Al fa Aesar) 16.2 Deionized
wat er 34.0 5% aqueous based Nafion solution (Sol ution
[0125% Gt vamiblewg yhicrd iBug fuel Gelthvas &Rt Y304 hA&a Juter current collector
PCT/ US2003/ 041145

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
electrocatalyst Iayer to protect such layer when passing the fibrous assembly through the Puller

and the Take-up unit.

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

' prepared by blending the following materials:

Material % weight
Platinum black (HiSpec 1000 from Alfa Aesar) 16.2
Deionized water 34.0
5% aqueous based Nafion solution (Solution Technology, Inc.) 26.4
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20% al cohol based Nafion solution (Solution
Technol ogy, Inc.) 7.6 5% Pol yet hyl ene oxide in
dei oni zed water 9.0 (600k Mwv, Aldrich Chem cal
Conmpany) 2% Pol yet hyl ene oxi de in deionized water 5.7
waB2ommdet2s0n My, Al drich Chem cal Conpany) POT/BSZ031041048
Surfactant 1.1 (Triton X-100, Aldrich Chemi cal
0128 The viscosity of this catalyzed ink
4;%9 sqfuig(Saion esimplogs e dd by 46
9! h&“ﬁf\?’?‘d‘f%ﬂ%ﬁ‘ﬁ”ﬁ%‘g‘WV| sconeter with tR& #4
| ) The protective PVR_| ayer was

for mhcé’g@gﬁﬁ :ancgr% e) us PVP sol uti on f 40 wt %
Vel Gl er e

et atal yst layer. [Q130]
KA yuding the outer '
el ec??%}égﬁl 35]1;% ay%?bg%%%{ he protective PVP |ayer
were: Line Speed [mMmn] 1 Extrusion Rate [m /mj
[0168] 2fme vis¥dstisiof O dHaBzddoh® vAs Qfbfoximallt § WoikdN asl infesirbd by a
0.425" IR Dryer #1Set Point [C] 400 Applicator for
BrodKiAdRVP rytesna Rschihstarwith he BedpindBbt e ifnC] 375 Layer
Thi ckness [mi crons] -20 [0131] The protective PVP
| ayer was renoved during the subsequent post-extrusion
steps, in which the renovabl e PVP substrate was
(01298 | Tde protpetive PY R lepy s forraed e semuitib e dapeomsdiiiptolitia) ofd wide
forma |umen inside the hollow mcrofibrous Nafion
Pv}t)fﬁ’ﬁ‘lrﬁ"’a"h‘?r?kiﬂmcﬁtﬁﬁﬁ‘&% of the hydrogen fuel or air.
~ EXAMPLES [0132] A 304-grade stainless steel wire with
a dianeter of 0.020" was provided, and a swel |l able

[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 #18et Point [°C] 400
Applicator for 40% PVP yes

IR Dryer #2 Set Point [°C] 375
Layer Thickness [microns] ~20

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

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

EXAMPLE 5

- [0132] A 304-grade stainless steel wire with a diameter of 0,020" was provided, and a swellable
Nafion membrane layer was formed thereover by using a Nafion 1100EW polymer solution

(supplied by Solution Technology, Inc.).
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Nafi on nmenbrane | ayer was fornmed thereover by using a
Nafi on 1100EW pol yner solution (supplied by Sol ution
Technol ogy, Inc.). 36 WD 2004/ 067259 PCT/ US2003/ 041148
[0133] Specifically, a concentrated 32 w % Nafi on
VD6 was obt ai ned by evaporating a di POT/gsRo03N&f480N
soI uti on that contained 20 wt % Nafl on 1100EWin a
ture of alcohols and water. The concentrated 32

: lmééﬂ O)%Pﬁﬁi"ﬁllyga %oa‘feawe& A2 Htﬁ’ﬁNaéi%Wg@B%‘ﬁS)?btb‘Fe‘ié’g evab%aﬁgégdﬂuﬁe
N P e s e e LYORRY s ted ponis ot

conbﬁﬁéte%rkzwﬁlﬂahﬁ{‘somﬁ% 565 LNEG %a %(PI% heas%%%&éd%i% re?t!m%ﬁah

In a conti nuous, auto

wso@n&&r?ﬁ‘m&léﬁgﬁ LW%del)-u}ﬁ M"gpingl@ amﬁﬁed wire was then
passed through a 'nediumwave Infra-red dryer for

drying and curing the Nafion nenbrane | ayer. [0135]
The extrusion process conditions were: Line Speed: 1
[013%)] rBuch BettvoQEifiansolEsiwes atttude: on@ i sefiles{ sewiteih Aabrehyous,
72F/ 22C) Extrusion Rate: 0.43 m/mn Extrusion Die
autdeipied fastilon(bs Btingeistandype purip. (The HaiDR 6dated @ir® @&rSticn pyspad threlsk
| R Dryer Len 1in IR Dryer Set Point: 375C [ 0136]
amNWaVﬁWPﬁQ%IYPﬂf@ dptineendradeg teefNafiprooquibeant exet Naf i on
menbrane | ayer was approxi rrately 40 to 50 mcrons.
The Nafion-coated fiber was then passed through the

[Olﬁﬂ;l%ed uller to tltake up unit, which wound the
{ BT BIG PROSHEBIO §F%7] The Nafi on-coated fiber was

th%&,@ QULqinto deS|req ehgths, dried in at 70C for 30
T ehen h Bk %@ syl hour. These
Na k@ggﬁﬁi bers %gmﬁg&én acedﬁl n &/ater with

suﬁgghgiogﬁ{egolerre to alglpgw t he Nafl on nenbrane |ayer to

sWekiusi@dipt her eby beQ@f@xd@jsgqﬁ,g@tuf,g omthe stainless
st ﬁEbryWHe@gth The 0.02Q@m stai nl ess steel wire was

r eopse SePolnor m a hol3¥s@v m cr of i br ous

[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 tire to allow the Nafion membrane layer to swell and thereby become detached from the
stainless steel wire. The 0.020” stainless steel wire was removed to form a hollow microfibrous
Nafion membrane having an inner diameter and an outer diameter of 520 and 600 microns,

respectively,
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Naf i on menbrane having an inner dianeter and an outer
di aneter of 520 and 600 m crons, respectively. 37 WO
2004/ 067259 PCT/ US2003/ 041148 [0138] A conplete

m crofibrous fuel cell can then be fabricated using
WOBelsmse- descri bed hol | ow microfibrous REF/E$A003/041148
menbr ane, by catal yzing the bore and shel |l sides of

tge menbrane with Iatlnumcta according to the

0135}, A PSRts o ERR Pﬁelcfﬁlé%'m thrse %gsaaf ool
3 371

iy Rhod Do, b7 ot e bR b Qhenl S e B

pla%!illﬁll Jatal ' Q@o?dn%f to tﬂﬁe at?lg{aﬁ(!my cgﬁg mﬁfsﬁﬁec{"ﬁ@ﬁ %’?ﬁg A[gﬁﬂc%t?&

ne eqw pmsnts use produ |ng the mcro

Nof w%s 88! dnd P phatsles 380 lnsérmpéuﬁen% tredorf a9£acﬁ BemeMobeEand BR Qhell

Singl'e-1ayer extrusion die for applying the Nafion to
siddsldLthaMataBzedRafénenBrn Medi um wave Infrared dryer - 1
nmeter long Belted pulling unit to nove the wire
through the process Take-up unit to collect the final
product on a spool EXAMPLE 6 [0140] In the
{01394 bihie equipimonis wsfd fotpeodndingrteefmiitypitueys fugletll indide: of thi s
exanPI the materials used include: a titaniumwre
off gnd S emf%??é‘tler a catal yst ink paste for

for t he |nn el ect roc lyst |ayer a 20 wei ght%
%Hq"( YBLABBHR f"é'ﬁ’i’f &ﬂ‘?ﬁ“é‘hél%t“”éeoncentrat ed 32 wm %

NafI; on sol ution a catal yst i nk paste for formng the

out er gFe‘%trocat al yst layer [0141] The equi pnents used

f o RLRAHG %J@ye?‘l%c?efrlogﬁ ous fuel cell include: a

let-of f stan he w re”spool a single-layer
eX tHellip@indlin® tof v B brldhiio@ dlchfoc&at al yst ink paste

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 titaninm wire with a 0.020" diameter

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

a concentrated 32 wi% Nafion solution

a catalyst ink paste for forming the oufer 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

apiston 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 wt% Nafion solution
a second infrared drying oven

a belted pulling unit to move the wire through the process

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

38




I
I

a piston punp an infrared dryer a coating die to apply
a thin layer of the 20 wt % Nafi on sol uti on over the
ink a hot air drying chanber a second extrusion
coating die for applying the concentrated 32 wt %
W@ee758| ution a second infrared dryi ngPEWERIN41148
belted pulling unit to rmve the wire through the

UANE ggggﬁtm%%ksgﬁg b b6 ecb§%§§gﬁaﬁ%ﬁgwﬁ%ﬁﬁ§]

The, 3t @ %F ARt asckﬁ{lé %c 1608%om @g Qg i nner
el e K ing: 20.5%
by %b Z;}yi ag@lo@wne@l %ggze& &o%g lﬁlzvaﬁoéﬁﬁaﬁ'éd)

73%}Qild1@h@&,g‘g jon solution from Sol ution

Techswy b@gYritod swfac}ané(%teﬁ Xa0E5p A0 bhéaﬁbamon@aiymé hnyl ene
oxi de in deionized water (600,000 Mv PEO supplied by

Al drich Chem cal Conpany, Inc.) 1.5% Pure Triton
[018]r Tieoisesity of fch nopastvaaa phiyes Ak ahedsorkd Bl @naokdld ISOMpRAtYal
Inc.) [0143] The viscosity of such ink paste was 22

visqenyeigowsith thesi4 sundteat @dpby a Brookfi el d LVT rotati onal
viscometer with the #4 spindle at 60 rpm [0144] The
concentrated 32 wt % Nafion sol ution was obt ai ned by

g %Fa%taén?%aﬁfxg%&f 8%?0&?1%'\%% AR Cg,g\ﬁN@grg' g 20w aion
1106% glgtmn A5 NAL S gno% Ly %?r al?caguc Sonpki 8%‘?113%%{’[ e

, aS neasure VI'S

a wgc%&%g)% gé_?ﬁ:’og%s;atyg}eiggt?@tg %&&al%scé%& Cf; ?%‘ %gd ﬁ T %o&eﬁ With a

paste use ormhn
#4 PHHB bt

ﬁjggctrocat al yst layer was prepared by bI endi ng:
8.8 % by weight platinumblack (H Spec 1000 fromAlfa
Aesar) 13. 8% dei oni zed wat er

[0145] The catalyst ink paste used for forming the outer elecirocatalyst 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

Chernical Company, Inc.)
66.3% of a2 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 exirusion ra';e through the single-layer
coating die for forming the inner electrocatalyst layer was 0.15 ml/min. The set point for the
infrared drying unit for the ink layer was 400°C. After exiting the dryer, the catalyst-coated fiber
was passed through a coating die filled with the 20 wi% Nafion solution, so as to apply a thin layer
of 20 wt% Nafion solution over the inner electrocatalyst layer. This thin Nafion layer was dried by
passing through a hot air tube, where heated air was supplied at 100-110°C. The thin layer of 20
wi% Nafion solution was used to improve adhesion between the inner electrocatalyst layer and the

next layer of concentrated 32 wt% Nafion.
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1. 1% pol ytetrafl uoroet hyl ene powder with 1 mcron
particle size (supplied by Aldrich Chem cal Conpany,
Inc.) 66.3%of a 5% Nafion (in a m xture of al cohols
and water) 1100 EWsolution (Solution Technol ogy,
Who40671289.46] Li ne speed of the process deBCHU$0@04I e
was | mimn, and extrusion tenperature was at anbient
conditions (approximtely 72F/ 22C). The extrusion rate
through the single- Iayer coating die for form' ng the '

n r
[014'@ E{ter ?m tﬁe%o@%@#x&%raé (S:F%édllr ;F\é@%aaer U{)B?lfl%?le RS used E) ﬁp%g;
y , ggaﬁﬂ S d
comaet?é)%lgﬁ%ggglg it’r ough "a coaat‘telglrgagt:;t‘E ie fl edtI\iflvlé’:t%&l%1
Natidh@apéOwbtdde Na fah Sfars®@brbidr 203Y5°CS OTH Natidh-BRRY fibePowds kel passed
| ayer of 20 wtP/o Nafion solution over the inner
thr@igle thit beedblyts ta thkaye tmit, Whicls wind the Naérf o 4 Sp6lr SWaSNafion-
dried by passing through a hot air tube, where heated
coagefl Fibwatths ppipd dossdbted tof 10 0.0201 G@e, i Hremert dicinockislyse tayafof 20t0 15
wt % Nati on sol uti on was used to i nprove adhesion
nn%ﬁswearNaﬁPr@nmwﬁ@?lawef@b%@ampwt | ayer and the next

| ayer of concentrated 32 wt % Naflon. 39 WD 2004/ 067259
PCT/ 1JS2003/ 041148 [0147] After exiti ng the hot air

Wl‘ﬁ%’e‘l@i gty 3&%%;? ek /eﬂiet’?f@snwgap BT Eh s
0,48
R A R e KL e Cinbe

ayer vvas

drie@f 4t ARceRab ﬁn%u{ek %théﬁ%ﬁz%*te{gr Pibac %@se hﬂfu‘%!é&gf IJBJE Svere then

belted puller to a take-up unit,

placed BE whierORHD s @ickROBhe toSHBY th@NaﬁUﬁ m&RRhE thylrl BeeBt hdrdbly S

poi nt consisted of the 0.020" wire, an inner

sepR4tQg e QRElakvits ok ANENah rdeédibfaft her Kb G0 RS theGf@r 8nd outer

. Nation nmenbrane | ayer of about 50 microns. [0148] Such

elechBthiaDA 15081 Eak det0IRE 002 vitdtwab Pie refBfod 'tREL @ B kS ol
an outer electrocatalyst |ayer was fornmed by brushing

fibet cOrifiridiny 8 holloRkni@aftkdRs Niflof rlchBrat¥pdn ifer SRFEHARE ldyay 81 .an
The catalyst ink was dried in at 70C for 30 m nutes,

outea plectodaialystdiyerl ZBEhélow fiberh erere thed ple®é innwHh ididiayearxidt kdeios
were then- placed in water with sufficient tine to

for ]afiopwetﬂq@e impuritiomnthenanrb siferid agif evernight tovgstote all exvbmedaile sites

rating_the 0.020" wire fromthe Nation nmenbrane

into [rl'g form,and Enally cleanad prath feignized wae ansl drigd at 70°C for 10 minutes.

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

fuel cells.
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el ectrocatal yst | ayers. The detached 0.020" wire was

then renoved therefrom formng hollow fibers

conprising a hollow m crofibrous Nation nmenbrane, an

i nner el ectrocatal yst |ayer, and an outer

v Wewonscydat al yst | ayer. The hol | ow fi bers WereS2digsiids

placed in warmdilute peroxide solution for 1 hour to
impurities, then in 1IN sulfuric acid overni ht

loli% %Wéﬁ‘t densify| of pre of, %ﬂﬁb@%ﬁ rousifpebeells, whichyis phput ¢ dong g
f |1 d d t d. at
e S e AR e it
m
W&S%IEI : ?E]ﬁ Eore sk e Q.llc umlc %%ng ceﬁ dboyt\ill a{(’ja raig: fﬁ)gc %urretn{lﬁnsny

or & $¢1°0s
e WAL 09 Vd:'flto OLHB0 8Tk’ il £l A0 A2 N5
content o Ich 1s |ncorporated hérein by reference
oidh/dn?s entirety for all purposes, was inserted into
each of the hollow fibers, |eaving a 0.005 passage
bet ween such inner current collector and the inner
el ectrocatal yst |ayer. An outer current collector was
secured to the outer_surface of each of the hollow
fibers by a fine titaniumw re w apped therearound, so
as formconplete mcrofibrous fuel cells. 40 WO
2004/ 067259 PCT/ US2003/ 041148 0150] The current
[019& Yhile @eewveré% hagbees) depprifsddiersin; W geferedon & speediq @nbogimpnis,

i s about 6" with cn® surface,. ar

T Y wgen“mn%% %@ﬁ?féﬁe%da

he bor
o3 R PR B o g, ey e aR b
n I

s ool Sias DR bihiop 38 BRPLAKRL B id-4 8 AP

withABBe spikiPantl o @lem%ng&g. [0151] While the invention has
been described herein with reference to specific
enbodi nents, features and aspects, it will be
recogni zed that the invention is not thus |imted, but
rather extends in utility to other nodifications,
vari ations, applications, and enbodi nents, and
accordingly all such other nodifications, variations,
appl i cations, and enbodi nents are to be regarded as
being within the spirit and scope of the invention.
41 WD 2004/ 067259 PCT/ US2003/ 041148

41



THE CLAIMS What is clained is: 1 A nethod for
fabricating a mcrofibrous fuel cell structure, said
nmet hod conprising at |east the steps of: (a)
providing a fibrous substrate structure conprising at
woasH62fe renovabl e substrate material 1 RCEE2E/041148
phase; (b) coating a |ayer of nenbrane-form ng
mat eri al over said fibrous substrate structure; and
(c) subsequently renoving said at | east one renovabl e
substrate materi al, Ssﬁﬁ Sforma hol | ow fi brous
menbr ane separator ha 3’1‘ ore side and a shell
whthdBimeaier ein said nmicrofibrous fuel cell structure
conprises (1) an inner current collector, (2) an
1. OUt/Cheifdl fof Rbricaie| aCfib:Bfibrovk Rl b Curtird, QW1 beMEObSprising at
menbr ane separator, wherein said hollow fibrous
mendastaRGes@Par at or conprises an el ectrol yte nedi um and
is in electrical contact wth the inner current
col@yect mbovidihg 4 fitBoubmbsirats btthetma Renrkieg 0 (ke bneGetidvaid substrate
collector at its shell side, and wherein the bore
si de of mgeriabtinbadid Plwe; f | br ous nmenbrane separator further
conprises a lumen all ow ng passage of fluid
t héPet heoslinghz 1gve) ofy mrembipngioraing cosivieh e sl filiroiy egubstrate
coating on said hollow fibrous nenbrane separator at
“its bor®uwEen and (5) an outer el ectrocatal yst |ayer

[ jd holl fib t t
D0 sner PRl et P PR A TICErdl Tt £t o
at | easkplignl SRR 2 S OSLLANE TRLGK Bk olo§ 581061 o
Supl | e

fromthe group consisting materi al s,

nelhalh ?ai&@{cl%ﬁﬂr@dssfuel &nquc&!ré@ahﬁfsem{ S ih Sarrerd collbRS:, 2B

met hod of claim1l1l, wherein sald at 1east one renova
S U RS duied bxRreABEIREA(3) ORI H88us emB@hcBlaRiol Rh&Eth 3id hollow
selected fromthe group consisting of acid-sol uble
mafidbisaheinbraid depdriter cafirisddlaf ele@bRtein@lism and is in electrical contact
or gani c-sol vent -sol ubl e materials, and water-sol uble
matvéh the fireer chi2eny\OIXBD 4710 BFE Side RETHUBROOB£10 448 at its shell

side, and wherein the bore side of said hollow fibrous membrane separator further
comprises a Iumen allowing passage of fluid therethrough, (4) an inner electrocatalyst
layer coating on said hollow fibrous membrane separator at ifs bore side, and (5} an outer

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

2. The method of claim 1, wherein szid at least one removable substrate material is selected
from the group consisting of sublimable materials, meliable materials, and soluble

materials.

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

soluble materials, organic-solvent-soluble materials, and water-soluble materials.
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4. The method of claim1l, wherein said at |east one
renovabl e substrate material conprises a water-sol uble
polymeric material selected fromthe group consisting
of polyvinyl pyrrolidones, polyvinyl alcohols, and
Weologdstyd ene gl ycols. 5. The nmet hod of cl BETiUSR003/041148
wherein said at | east one renovabl e substrate materi al
conprises polyvinyl pyrrolidone. 6. The method of
clain11 wherein said at | east one reanabIe substrate

- or A el "'%%*'elr : VRIS KA T e e
gagzker-so ubfe> nﬁ(ﬁ ma|¥elg]18 5 fea dpd Ft)ihr%t Le%osutpﬁ%ggsnh%$ ﬁgé@gtlpgyl
Bondd UL AET mPLeS pisidiegabaps of: ()

attac I ng an” 1 nner curren ['ector to the holl ow

fi brous nenbrane separator at the bore side; (e)
attaching an outer current collector to the holl ow

. T i e tsthéteoTlhaNE whe i faad 20 [cash bnetr&fovatdd@bstrats imdiesial ¢dmjprises
formng an inner electrocatal yst |ayer on the holl ow
fi lpolguisyl pewbdane separator at the bore side; ()
form ng an outer electrocatal yst |ayer on the holl ow
fi brous nmenbrane separator at the shell side, wherein

ste S (d)(&ﬁ%lcan be carried out sequentlall%r n any
- metqu ol WhEFIRSHsFat leagt epe reporple phets mafriy F‘l“&’l‘:}ses

out S | taneously in any conbination. 43 WO
ﬂ%’gg%’gqpm/ US2003/ 041148 9. The method of claim

1, wherein said fibrous substrate structure conprises

a renoval interface in contact'with at |east a portion

. of Tﬁﬁt‘nf o :3?01851 1M Hefei sﬁﬁﬁyﬁglsﬁ)sﬁﬁ%&ﬂg €0n81§1?gs§ﬁﬁaﬁ3l' ofsaid

whi ¢ Itates renmoval of said at [east one

S URBitdidhEre BB bidbirate hdterial BRoIRLAEd of claim 9, wherein
said renoval interface conprises an open cavity inside

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

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

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

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

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

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

steps can be carried out simultaneously in any combination.
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said at | east one renpvabl e substrate materi al

t hrough which a renoving fluid can be passed through
to renove said renovable substrate material. 11. The
nmet hod of claim1l, wherein said fibrous substrate

VA 200606258 conprises a first renovabl e suBST/ER0®041148

materi al, and a second renovabl e substrate material in
solid state wherein said first renovabl e substrate

natwﬂ%qtho# st flgmet P”é‘%f&‘FISV ﬁB’i%“v%‘Bﬁ“étc ts‘iﬁ%fﬂ*ret PPEEE b AgRoval
tr t I
n:ﬁﬁt\é c%]an c('ﬂnggf Wi a% legv\'%eare ]geo:r% tqlg Mai es {)r more renéqg?lbie subst%rate

arm I efov
substlat & Rke I%m%.v! reﬂg&afo%@afﬁﬂame@ bgra% Jemyal of the
second Penbvabl e substrate materia ormng a renoval
interface to facilitate renpval of the second
renovabl e substrate material. 13. The nethod of claim

10.1, Moef@bdorchingo,fWhaleR4sid SeMdSAl frdrBoeShiptEbslih @p&Oiaatyl iSeR

1L

12,

13.

14,

nore than two renpvable substrate materials of

di fshidraelrist premauedild subjirate aliatebisiaditoughnehidf a whbdily figd tan be
solid state. 14. The pethod of claim1l, wherein said
fi reseithrowb stremavesasirerpehly whereirpeegdds an i nner current
coll ector, and at |east one 1layer of renovable :
substrate material coating over said inner current
collector, so that after said renovabl e substrate

et O imghofl OF claiih e fhersih gaid o é‘ﬁ’étmfeo?hi?ftlﬁrﬁ ORPTSFS i’;\lﬁwE
te struct

t o Ch b PERR B SRl PR SRkl Srdd B Sy

DRSPS i B o el sy

14 e HENNGEstrORHa Bk Ba thte Ssteps of . (d) attaching an
outer current collector to the hollow fibrous nenbrane

separator at the shell side; (e) form ng an inner

el ectrocatal yst |ayer on the hollow fibrous nmenbrane

Se[Thé mtthd ofltlaiinh €, wheeiheheSird &motdble shibaitatd gerialis enibed before
el ectrocatal yst |ayer on the hollow fibrous nenbrane

separostloof tiat setdné rengivebld subjtelie, material, forming a removal interface to

facilitate removal of the second removable substrate material,

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

state.

The method of claim 1, wherein said fibrous shibstrate structure comprises an inner current
collector, and at least one layer of removable subsirate material coating over said inner
current 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 mermbrane separator, with the inner current collector at its bore side.
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wherein steps (d)-(f) can be carried out sequentially
in any order, or two or nore of said steps can be
carried out sinultaneously in any conbination. 16. The
met hod of claim 14, wherein said fibrous substrate

VWO 20U conprises a renoval interface PET/EEHBAERLS
wth at |east a portion of said | ayer of renovable
sub trate mater.ial whi ch faC|I|tates renoval of said

15. et BERe S HHEY ftther fRPRPIng e 9% o The et hod of claim
ereln said r erfac rlses an .o

c av(d)\tl\etal T [y eél{m g“é"? o t%‘ r°eHan% %3?3’}’% il reg?rg'“rpa? the
nater%glw%nd adjacent to said inner current collector,
t hr ough ich a renoving fluid can be passed through
t O (B)CIRNE; dn Rfcr KPRV AN Ll @RS hd RSy fHT8E SEdifthne sebBrator 4 Ge
nethod of claim 14, wherein said fibrous substrate
st ruckasgleconprises a first layer of a first
renovabl e substrate material coating over said inner
C ur(f) efoimigech baetektrocandt layes@diny tollow Shy@s merhbrane Separtacht the
renovabl e substrate material in solid state and
coatishglaieer said first layer, and wherein said first
renpvabl e substrate material is nore readily renovabl e
t hapereip §igpsd BB rvep heeapvbmr easntdly g e Btvaer o fepi d
state. 45 W) 004/ 67259 PCT“%§2003/041148 19. The
me CHEEHbYe cEried 3 m%ﬂ@?éFﬁyf IFEst renpvabl e
substrate naterial is renoved before renoval of the
second renovabl e substrate material, formng a renoval

16. I nt’Iﬁg gﬂbgt?&i (SfQG amfx @E I\’J’h'f:llélﬁtSSd [ﬁgl{JQSV (L))Sh’gf%, S{l’lﬁl.mt: u)mﬂ[lzg% B oyal

r emov e su strate materi a he net alm
14 o dbRG 18 loShtaSiNkith b 1M Q YSHHUISAll BYE 0B fehbfubl kst RAtirA 'S
nmore than two, |ayers of renpvable substrate materials
Of witich fa6ili@Id reh@BIVY Sbfd rtrhdviblC QBB Gatetik@r  t he | nner
current collector, and wherein the outernost |ayer
conprises a renovable substrate that is in solid
state. 21. The nethod of claim 14, wherein said

17. f i Bhoughod b deimdb evisteinseitl rmoval owgpleéesemprisrsen open Wil inside
sol ubl e fibers placed adjacent to said inner current
c oFdik ey of rofebleispbsisag watrial prdzagiaceghie spig jrmer cuggnt collector,
renovabl e substrate naterlalﬂgag%s over both the

SO fl%gl'éw]pfbo’ser'elgovgﬁ élmti [ 118 ﬁ?ﬁéetd o fpmove the removable substrate

material.

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

the second removable substrate material in solid state.
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collector, and wherein said one or nore soluble fibers
conprise a material of higher renovability than that
of the renovabl e substrate material. 22. The net hod of
claim11l, wherein said fibrous substrate structure

WORWH0EBR8S an i nner current coll ector, atPCEER003041¢48

| ayer of renpvable substrate naterial coating over
said inner current collector, and an inner

19.¢| e rﬁsté%@tﬂéplyglt 8 wiipesyn téf‘ofg%t 59 Va3 ir tbstzaiq weteriel ip wEeyed Sefere

20.

21.

22.

23,

| ayer novabl e s rate naierlal | aye er . $ hat
af o a‘? £dhe Eﬁ%‘@&fﬂ“ﬁfﬁ U BSHPSE E R &PRe A wﬁﬂ&%

rmon a coating over sai d
f %‘acé uaée rg vgltof a% SeCO; g{emovat%{e Suq}S ak tXa?enfdhe hOl | ow f | br ous
menbr ane separator, with the inner current collector
at its bore side and the inner electrocatal yst |ayer
C o2tk ABLAREEIRRAN 4 hedelnSaild Fr6us SibSiRte s%;’cdeaﬁlpﬂﬂaest A28 two
claim 22, further conprising the steps of: (d)
at tiael ioN@mavable itekatCistérRE lof Giffkrkre @dnkabilily tdagnghetd thaNnner
fi brous nenbrane separator at the shell side; and 46
WO c26:0¢ko 6L 581 REFInISA0 8108 dyd8mpr{ses) a itipevablngbamtc dutier
el ectrocatal yst layer on the hollow fibrous nenbrane
sepagobd date. at the shell side, wherein steps (d)-(e)
can be carried out either sequentially in any order,
or simul taneously. 24. The nethod of claim 22,

rate structure conprises

al
F b3 e e B S e A gE PEh
of saﬁnleq'bers %ceg S&Jafcent & sa1§1 X]{?eﬁ: cu%fent colieC f)r, \%llige?eins slz’lug a{ lca%:t ofie layer

mat er | a acli €S renova sal renovapi e

su Q? ;efnaxtaﬁle ?%Eﬁfe' rﬂ:ite alzéats fb&?? {hg Q&iub@éc ﬁ@s%&'lhg 4uner current

wherein sa reana Interface conprises an open

Cavbifedorl AR WRreinSRidbnAlor hBRSHINE EbdrPYdRipri 2 MABRY 3Phigher
substrate material and adj acent to said inner current

C O lrdn@ @b diky; thah FaDdF @8 roMobble sabskAvdriglg f1 ui d can be
passed through to renove the renovable substrate
material. 26. The nethod of claim 22, wherein said
fibrous substrate structure conprises two or nore
| affeamethofl of odairy V. atiersingsaidh Bhrous substretetstspciusd comprfiseshnfifnen cnpent
rempvabi l ity coating over the inner
collector, at Ieast 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 subsirate material layer, so that after said removable subsirate material is
removed, the membrane-forming material layer coating over said fibrous subsirate

structure forms the hollow fibrous membrane separator, with the inner current collector at

~its bore side and the inner electrocatalyst layer coating thereon at its bore side.
The method of claim 22, further comprising the steps of:

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

shell side; and
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current collector, and wherein the outernost |ayer
conprises a renovabl e substrate that is in solid
state. 27. The nethod of claim 22, wherein an outer
el ectrocatal yst |ayer is coated over said

wWeeoan2e- f orm ng material | ayer before sabPdi/vepsoabise

substrate material is renoved, so that the holl ow

fi brous nenbrane separat or subsequently formed has -t he
out(® m*avgeaao?tar&chg@xﬂ sy e oGy gt Feres Sy e
shel | 3£ f, and wherein an outer current collector is
subseﬁ' He ly attached to the hO||OM/fibrOUS menbr ane
se

i R R Y
fi brous nmenbrane separator conprises at Ieast one
solid electrolyte material. 47 WO 2004/ 067259

24, PCTihba208604a1nl 48 whéRin s1i @ibivRsd fi0dka® fstrihidd dhindfses WRRHoGH N

25.

26.

27.

28,

said at | east one solid electrolyte material conprises
an imterfrecii céhangaheelEan fortion 61 saitl at lan-ogxiayea flyengyatly/dubstrate
sel ected fromthe group consisting of
p e rfaketizl ggwahtfilitates femoral of-szidicuotzbls slistpoinyivess
pol ysul f one- based pol yners,
perfluorocarboxylic aci d- based pol yners,

ﬁhene vi nyl - benzene- sul f oni_¢- aci d- based pol yners,

S 9§er§ %‘H’t o1 herran SB’Q%‘H"’% a}t%cgmpfﬁf an-PRG Y fsige

of o . .
e 58t B0 R I 2f EnnaBE et g ren At PP e
sol

27 WP BB SRR o B BB BRI
n1gﬁﬁgmyﬂﬁggﬂ, and wherein the solid electrolyte
material Is inpregnated in mcropores of said holl ow
fi brous nenbrane separator. 32. A nethod for
fabricating a mcrofibrous fuel cell structure,
COMh¢ ingthad@f tihier 22 wipsinahid fibfols) sufsiraty ktelicti cafprisest®6 or more
current collector of a mcrofibrous conformation; (b)
f otayir of mtovkde sibstatvanateaiyle of &fferent rowedllily @atvgtoverttes imer
mat erial over said inner current collector; (c)
f ofreRigolatos. prdetherain dhe opiganst éﬁy‘;@pmmrﬁgs@rrewéﬂe shtrafe gppt is

| east_one | ayer of renovable
in solid state,

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

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

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

separator comprises at least one solid electrolyte material,
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substrate material; (d) form ng a nenbrane-form ng
material |ayer over the inner electrocatal yst |ayer;
(e) form ng an outer electrocatal yst |ayer over said
menbrane-form ng material layer; (f) renoving said at
Waeased®e | ayer of renovabl e substrate nmaPe¥iRp308AES
(g) attaching an outer current collector to an outer
surface of said outer electrocatalyst |ayer, so as to
29-f or Fhe osodelcclent 2 Pbudn Ridef leaskeme S%lldrelfetf%weematwm ceprises an
conprises (1) the inner an ut er rent collectors,

(2) T HreReneFREP™IS Y h Ip &b anaaa{eatF %mthaﬁf@wscoﬂsaﬁ%s of’

pg%mﬁagbon—swmpm-aclg filasedman;e 8 : ?rnfslleirlls? | a Sé cﬂysfql V%le—base Holylxers

ormn ereint

ho ﬂeﬁa\eemé%omcﬁ%/mQEB 76 RheRCT MQ%A %&&é Sutfordid REQHS4

nbrane separator conprises an el ectrolyte nedi um and
haspo@ma@ faBd §§r§1€ bdRfndbasiBlvhersi de, Wi th the inner
current collector and the inner el ectrocatal yst |ayer
~at the bore side, and the outer current collector and
the outer electrocatal yst |ayer at the shell side, and
30. wh €lthe inethivéh @f baine 2§ i wherelnf sadldiotlovh diblogsvmbriliyare Usparmontopaise
separator further conprises a |unmen, which is forned
by essentiglisedf said at padt oheselidulgeitolyts mtekidt rat e material, to
al |l ow passage of fluid therethrough. 33. The nethod
of claim 32, wherein in step (b), said at | east one

I ubs nater is fornmed b a
ot oo OB PO IrS wa‘adwa Sh g e
eXt ;&; Siéecr)en% the 58 e‘i | 01’11 et)x(latit:fnaﬂs (%Ilq]a‘f:%ntﬁd 1%Xnt11£rléls reg rc}»é said ]:boilow
deQ@& Jolr¥ Ege net hod of cIa|n132 mhereln in
step k%?, 52%3@%% 1 east one |ayer of renovable
substrate nmaterial is forned by a nelt extrusion
nmet hod, conprising the steps of: (i) providing a
32. DAl igtholl R ARLIE: ASBGHbERE Rel 08I sBadt@t, cordprisihg @Xdtdpbisht NQ

said nolten renovabl e substrate material over the
i Nigdr cproviding an drakd cerediiowllectooof a trdarefibeoud caycbmamin a

predet er mi ned t hi ckness;
(b) forming at least one layer of Temovable substrate material over said inner current

collector;
(© forming an inner electrocatalyst layer over said at least one layer of removable
substrate material;
(d) forming & membrane-forming material layer over the inner elecirocatalyst layer;
(e) forming an outer electrocatatyst layer over said membrane-forming material layer;
® removing said at least one layer of removable substrate material; and
(2) attaching an outer cwrrent collector to an outer surfaae of said outer ¢lectrocatalyst
layer,
s0 as o 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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(iii) cooling said | ayer of nolten renovabl e substrate
material for a sufficient period of tine, so as to
forma solidified |layer of said renpvabl e substrate
material. 35. The nethod of claim 34, wherein the

WOWb4/6eese s carried out either in the air, POFUS203441148

33

34,

35.

36.

liquid bath containing a liquid that does not
interact with the renpvabl e substrate material or the

i nribFoug FTERIHE SEEFPRImBTses Aerlectiide MEdif anddes & por fifexpd 2
wherejn in ste b), sajid at .l east qne | r, of

o Lo B flten Rl b o GRS gt B PO
ext fusi risi fi L] .
e e R
rmt\@{efef%l the bdtside 6f said hollow fibrous meinbrane se}!ﬁt&%ﬂ{ep &%ﬁ&s a
PCT/ US2003/ 041148 (1i) extruding said viscous solution
OV EfimdnWhidh4¥8imeE BY Fe@bMal F6lid REb@ke sibSrafedfttia, th A)sRIpaiige a
predeterm ned thickness; (iii)treating said |ayer of

Vi € auis theehidighon of the renovabl e substrate materi al
for a sufficient period of tine, so as to forma
solidified |layer of said renpvabl e substrate

material. 37. The method of claim 36, wherein said ‘
r erfiyy aibhed of elym3P.athereimdn wapi(®l said ahipast e lgyes ofgamaevpble substrate
sol ubl e polyneric material, and wherein the viscous

s oIS EFhidr Y segetipdyspleduomy ta SBUR congiging tof Bt GFrugan: o
wat er - sol ubl e materi.al . 38. Th thad of claim 36

Wh PRI R BBV SHEH PRy B TrarLr > afe 1 de
pob&gg.éc material that is not soluble in water, and
wheérel n t he viscous sol ution conprises a hydrocarbon

sol vent, which dissolves said polyneric material and
whi ch i s subsequently renoved during the drying step.

39.Thd REhdARE A2 39 Twherkid i Bred @), s 8Y 181 bnS Bl ofbiB A ISsubstrate
solution of the renpvabl e substrate nateri al is

f omiaRal atforted 181aehel baflsibengied abhipréing iid sti@iont ai ned at
said el evated tenperature during the extruding step,
andi) wixeridgigia ol r¢nroedid snigirad mperiahivol ves thermal |y
i nduced phase
{ii) extruding said molten removable subsirate material over the inner current collector, to
form a layer of a predetermined thickness;
(iii) cooling said layer of molien removable substrate material for a sufficient period of

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

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

mer 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 subsirate material;
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separation of the renovable substrate material from
said solution. 40. The nethod of claim 32, wherein in
step (c), said inner electrocatalyst |layer is forned
by a nmethod selected fromthe group consisting of ink

VEX20P408728M, sSpray-coating, brush-coating, POI/Ps26G&¢iL48g,

37.

chenical deposition, electrochenical deposition, and
vap 03|t|on {% t hod of claim 32, wherein
GRS S FIER B e SO U GURER G doer o1 &
fornme ghk extrusion nmethod, conpr|3|ng t he
stepsgogxm?m¥ prOV|d|ng an i nk paste conprising an

lc%ﬁb {r&ﬁ%g %.\dy ﬁ}er ({ohf lscﬂutlorli3 gf % ré'Q(QAr! d @%ﬁé% material for a

usS20 041148 ext rudi ng sal paste over
sai d alfidieRGRtiodR Bmé, 3 &Y to FrmlQORNVRE 1-Ger SHREL RS vEle substrate
material, to forma | ayer of a predeterm ned
tthkﬁﬂ&ﬁl (iii) treating said |layer of ink paste for
a sufficient period of tine, so as to forma
solidified { electrocatalyst |ayer. 42. The nethod of
claim4l, wherein said electrocatal yst materi al
corje imgthad pieolash 36 evherein seld remowabletshiwstals weipriab omwrises o vglenf
pl ati num gold, ruthenlun1 iridium_ palladium

r ho‘;ﬂﬁuﬂﬁ?‘ﬂyﬂﬁ%‘@@@fﬂa rpdathereiigdiiey ISERY R EPHEIOR (ORBESETAVISCPHS SEHCRIN

38.

39.

40.

41,

F{ g d @L 43. The nmet hod of cl ai m41l,
V\hesPEmﬁ‘" i dva'tgf'sé’ P BE%H% yst material conprises metal
sel ected fromthe group consisting of platinum and
pl ati num al | oys. 44. The nethod of claim4l, wherein
S a"[‘i’le h&l&odﬁ:@&&ﬁ 3E %fh&@ﬁ @au?f%ﬂ&fab@ stiafd nﬁi eﬁiﬁ E&:ﬁ 91945 Ia¥olymeric

conductive material, an Ion-exc ange polymeric
Metp@keckidl that 3s R SIRE i whter) Ghd Gnd¥8it el Adeous s8IGbnAcomprises a
sol vent. 45. The nethod of claim 44, wherein said ink
P asiy o@D ool ve Switidh Glisive € balidyBinalic/BiteriABdne whidh isatbseqaéhtly
anount of from about 5% to about 90% based on total
weirgintvedohirigahedinjinglstepast e. 46. The nmet hod of claim 41,

wherein the treating step involves either thermally

drying said ink paste, or contacting said ink paste

with a coa ul.ati ng agent. 47. The method of claim 32,
mmé%ﬁnﬁhqdﬁ g 56, payrein papckvisepTBYlaior o ftha P nbseraie gpterial

er |
){s i%rmei at an elevated temperature and maintained at said elevated temperature during

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

separation of the removable substrate material from said solution.

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

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

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

(i) providing an ink paste comprising an electrocatalyst material;
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formed by a nethod selected fromthe group consisting
of nmelt extrusion, solution extrusion, spray-coating,
brush-coating, dip-coating, and vapor deposition. 51
WD 2004/ 067259 PCT/ US2003/ 041148 46. The net hod of

WO 204682 wherein in step (d), the nmenbr aR€rURAF0MY4S

42,

material layer is formed by a solution extrusion

nmet hod, conprising the steps of: (i) providin
Vi ’é)of’&gudénélsﬂ‘@%ﬂas PV%S%‘PeaﬁJS?é?Pé laﬁf?ir"ﬁ’leﬂ@"ahlﬁﬁ‘@?t’faglmm{‘?l bi

extru sai.d vi scous ution over the inner

el ect %% FQTVEPmﬁ%V%?‘Hﬁgm?%rn1a | ayer of a

pr

D1 SASHERGARER VSRR Re « kol pERAL O, 39 B NSl
a sq&%hghgggnggriod of tinme, so as to forma
solidified nenbrane-form ng material layer. 47. The
nmet hod of claim 46, wherein said viscous sol ution
conprises said nenbrane-formng material at an anount

of The¢ oem@id whainl Oowhaein biditlechMelpa S drid Rotaisal mand beddated
of said viscous solution. 48. The nethod of cl ai m 46,

- Whéiemi the graipdeonsisitbg af glathem.ngohiy rufetion) @idivgo padiedies ghaim,

43.

44,

45,

46,

47.

i on- exchan pol ymer selected fromthe group

c otiisked irom @Og"ﬁdep s fungtes cvabienand glloyptisreefaci d- based
pol yners, pol ysul fone-based pol yners,
perfluorocarboxylic aci d- based pol yners,

T T BT B e
20#%4??45?"41’6"@per#?a%%l%é%ﬂ??%ﬁ%%g‘%iseﬁr onorer. 50 The

nmet hod of claim46, wherein said viscous sol ution
conprises a perfluorosul fonate- based i ononer

di 38O@El o cldin\at, 6FieRInCAOMmK Patd Wiler ddipristh @n FREtHAMY
of claim50, wherein said viscous solution conprises

S acdhdipeve hat@ib silloh-efthinge pdiaseeel mhiemub nEfolyaieri @Findkigometdialo f
from about 10%to about 50% based on total weight of
sabm a seliregtous sol uti on.

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

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

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

ink paste, or contacting said ink paste with a coagulating agent.
The method of claim 32, whersin in step (&), the membrane-forming material layer is

forrmed by a method selected from the group consisting of melt extrusion, selution

exirusion, spray-coating, brush-coating, dip-coating, and vapor deposition.
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52 WD 2004/ 067259 PCT/US20031041148 52. The net hod of
claim 46, where the treating step involves either
thermally drying said viscous solution, or contacting
said viscous solution with a coagul ati ng agent. 53.

Wih904612h0d of cl ai m 46, wherein the treat PATUSNG941148

involves first thermally curing said viscous solution
at an elevated tenperature that is not |less than the

46.g| b meihothef dATB A% WheTCR R FR 1B mERITIReReEREE ARiendl dPH hg

47.

48.

49,

50.

5L

t t d | ut 54.
ThdoTE W B A o BPETR P RS PBp (o), the
| db
o VIO ST B NSU g LTS DY 2

p r QW EHlirihe it h&&%‘écﬁutﬁ;ﬁ 'oHa} {hQBnéP Ele@rogﬁ?aﬁté’tr 1RRL 1o iR 18 of a

material; (11) dip-coating sald viscous sol ution over
t he |ﬁmﬁﬁmﬁk@@khg§atalyst | ayer, to forma |layer of a
predeterm ned thickness; (iii)treating said |ayer of

Vi qEiptesting ohidtlayen ob fisdolie sodminb fof e - harbiineprimng efaiefidl Hhon
a sufficient period of tine, so as to forma

sol i dinffivierd periedrisftimmecso oo fiirm g solfdifiet henbrahafoening mBGial 19He
met hod of claim 32, wherein in step (e), said outer

el ectrocatal yst layer is forned by a nethod sel ected
fromthe group consisting i nk extrusian,

P rlagmededof ﬂ@m 46&*6@%:@%%&@5 solutgp GoreRGsS SHY MR R fEEne
o BBBIH DR i o Ao S0 57 SRy T 5394 of e SR of s

st%gc&s hltlsald at | east one | ayer of renovable
subst “haterial is renoved by a nethod sel ected
fron1the group consisting of sublimng, nelting, and
di ssol ving said renovabl e substrate in a sol vent. 57.
ThendBthQitorQaik 4l WheR, sai(‘i’| Yednftalle- ﬁﬁ]‘n@ﬁ SRy @&ﬁp@lses an ion-
substrate nateri al conprises a sol ub mat eri al
S eleBingdl pdlyneemséldted Groi e @RS benbibting of berfiGrbdrbsiutilicacid-
materials, alkali-soluble materials, organic-solvent
sobaskd polymetse polyshione-bavell puptners; pafluolvkebargliceciddbssd palyngts,
wherein in 53 WD 2004/ 067259 PCT/ US2003/ 041148 ste
( f Ptyrerpaingl-enzehemionioarid-thsed e rrolyfuens.e neifa b blareredtysdipng tbesed
material is renoved by dissolving

polymers.

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

perfluorosulfonate-based ionomer.

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

based ionomer dissolved in a water-alcohol mixture,

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

viscous solution.
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sai d renovabl e substrate material in a sol vent

sel ected fromthe group consisting of acid, alkali
organi ¢ solvent, and water. 58. The nethod of claim
32, wherein said renovabl e substrate materia
Wpricss a wat er - sol ubl e pol yneri ¢ nmat e PCHIS20¢3(d148
wherein in step (f), said at | east one | ayer of
renovabl e substrate material is renoved by imrersing
it in water. 59. The nethod of claim58, wherein said

water is heated to an el evated t.e r re..r ' :
52 ofte et oatneh wBBUE St aaSIRE] b Bk MY IR s
renoval of. said r ' 60. The
oo s ap TR s Rl B colfBhBE L,
automated fabrication of nultiple mcrofibrous fue
cell structures. 61. The nethod of claim1, adapted
53.F OITHE QRIHOM YOk Sm A8 iR HORB @ 6ng AdprihvoBks fist thfrmatly| duiing] seid
nricrofibrous fuel cell structures. 62. A nethod for
f abydesidtsolGondat h Gleafiddemptmived et is @ohless bal the glags transition
structure, conprising at |least the steps of (a)
pr Oxtiygtiange ¢ sdid tombrrse-Houiise mariel, wd subsaquantooplpgpf i iselgiont
| east one renovabl e substrate nmaterial in solid
phase; (b) coating a |ayer of nenbrane-form ng
materi al over the fjbrous sz&s&rate structure;
d

. .and .
54.( c) The usthed; gEpltimyB2y EheERA WgieR F&?B‘i’félt?rf%méﬁ%b‘%ai‘efl%\l?l%“r ®
material, so as to_forma .hallow fibrous nenbrane
sedﬁ?ﬁ?gxa%EWFWEngm% F%mgﬁﬂghﬁﬁﬁsgzshell side, 54 WD
2004/ 067259 PCT/ US2 5 rSiehalt he
nic%oFF%%%ﬁgw%wgggﬁgg gﬁééﬁ' c%.ﬁﬁétru%iure conpri ses
(1) i B AL EGHS BlEun ovd Ak iAB RBERAtIRE Bt ORI a ) of
thémﬁng%@ﬁ%?brous nengfgne separator, wherein said
hol | oyuyedcteRfifidhidkRRPT ane separator conprises an
el ectrolyte nediumand is in electrical contact wth
t hegil) PAGKg Sdic Gier Qi evisadus isblBtion 0uf ethes imeh@brameefortivg moaieriel for 2
el ectrode at its shell side, and i
sufficient period of time, so as to form a solidified membrane-forming material layer.

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

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

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

and dissolving said removable substrate in a solvent.

57, The method of claim 32, wherein said removable substraie material comprises 2 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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wherein the bore side of the hollow fibrous nenbrane
separator further conprises a lunen allow ng passage
of fluid therethrough. 63. The nethod of claim62,
wherein said mcrofibrous el ectrochem cal cel
VO pietese  conprises a mcrofi brous wat er PCT/US2003/041148
el ectrolyzer. 64. The nethod of claim 62, wherein said
m crofi brous el ectrochem cal cell structure conprises
a niter(Bi i eblgst Rl GaTRg aple sestrate gjcrialns FrEPYR ¢ igfolving
fabrlcatln a n1crofl rous_fue tructure
comBH e “H%““’%‘T b Sy Sl Cem F B4 egr ey gsape
coqﬁmh5|q csdv % ﬁaterlal (b) form ng at |east one
| ay &P TR SEM DI E ol yreri ¢ menbrane- f or ni ng
mat eri al over sald core fiber; and (c) contacting
said at | east one |ayer of the swell able polyneric
58. ME N300 6 JHiM 92, WHRERshid kentidblt sAbsENE InhibAll cRGARE o Walr-
that the at |east one layer of the swellable polyneric
ITE NdotuBl8 Qo iR@rdlBh & heddin BXRA (D Said Btleaditina Che Sf femovable
the core fiber; and (d) subsequently renoving the
detsalhadmgetabs fembed by ismemmg itdn wWater.m a hol | ow fi br ous
menbr ane separator having a bore side and a shel
side, wherein the mcrofibrous fuel cell structure
rises (1) an inner current collector, (2) an
59.0 u{%P meted & mb%ﬁr wléeeeewd V(az@j Isﬂlﬁ?éﬂdﬁw Rt tﬁ%ﬁ@w ranging
ane s i d hol
o SR Bl oSl S R et ar PEreE A g
S |n | ectrical contact wth the inner current
cof?%c or at its bore side and the outer current
collector at its shell side, and wherein the bore
side of the hollow fibrous nenbrane separator further
60. 95 MO RO41QP:TR 35 Gl We2RRUAE drkBtomERIRbHERS R nuléifRN
al | owi ng passage of fluid therethrough, (4) an inner
el egtrbfiteat akleslt strudt@yer coating on the holl ow fi brous
menbr ane separator at its bore side, and (5) an outer
el ectrocatal yst | ayer coating on the holl ow fibrous
menbrane separator at its shell side. 66. The nethod
61. of Tht aietwd#, claivhdr adaptedsai contiyvolkd 2u8 |aptomaiédyfbrichtion of multiple

menbr ane-form ng materi al
microfibrous fuel cell sfructures,

62. A method for fabricating a microfibrous electrochemical cell structure, comprising at least
the steps of:
(a) providing a fibrous substrate structure comprising at least one removable substrate
material in solid phase;
(t) coating a layer of membrane-forming material over the fibrous substrate structure;
and
(c) 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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63.

conprises a proton-exchange polyner. 67. The nethod of
cl aim 65, wherein said swellable polyneric
menbrane-form ng material conprises a
per fl uoro-sul foni c-aci d- based pol yner. 68. The net hod
waf zocdoaizpa 67, wherein the swelling agent chPopu$28@e41148
wat er and/or an organic solvent. 69. A nethod for
fabrlcatlng a mcrofibrous fuel cell structure,

rbig i gricrefidrosy desgochpmical pell)strystus qogprings @) PRt Flpgade,

co rising a solid materi_al formn
tap Getert eéqct;@g (?)élj;eel}olle)v\vl g?ro &T(Lea%:%? g;pﬁt%e?geretrtsaled hollow

for gggrgea Bllp???eﬁ%at?%g{ey%én%élan gl\c/éceiro%tetrﬁe ] l agc!h% up aémrcloﬁact
el e rﬂ%%l%{l&?lc}\é&ltodﬁ AU bore (sgll aﬁ@ﬁn@o&& éé?:u'&ﬂuta? fts shell side, and

el €étroca ayer over said at |east one |ayer of

SVWEL R HE borP ﬁﬁcyoﬁrﬁll% hﬁlo%ﬂ@ﬁ@ﬁbﬁmfaﬁg fabhEhr ARthR Edndblises @ Bgnen

contacting the swel | e polyneric nenbrane-formng
rratdﬁgv},@lpagsggygfﬂumtﬁ&ﬁougml ling agent to effectuate
expansi on thereof, resulting in detachnent of the core
fiber from said swellable pol ymeric menbrane-forning
material |ayer as well as fromthe inner and-.outer
el abé metad af ysim 6hyelesin st mfddfiboun sledgdnricyl geB nbvete
the detached core fiber, so as to forma holl ow
fib@mﬁkﬁan@wﬁﬁﬁﬁﬁwﬁéﬁﬂﬁﬁW@m havi ng a bore side and a
shell side, with the inner electrocatal yst |ayer at
its bore side and the outer electrocatalyst | ayer at

ts shell sid 2004/ 06725 1 US2002/ 041
. 'mifré.n% e i B, i e ol St e

63.

(1) _an. inner r ctor, (2) an outer current
co lc?naaé'ltses g THIC Qﬁro%l%cgﬂ{?% i 061?

om1f|brous menbr ane separ at or,
wher ei n said hol | ow fi brous nenbrane separator
conprises an electrolyte nediumand is in electrical

CORtARod foMEbikafi3Q nliddTBouCMEl L&Nkrutd, badgkisiig tBd stdpt &8 bor e
side and the outer current collector at its shel

Si @8, provitthg W&t BieNcotnpsidp@rsalidsiattaalof t he hol | ow fi brous
menbr ane separator further
(b) forming at least one layer of a swellable polymeric membrane-forming material over.
said core fiber; and
(c) contacting said at least one layer of the swellable polymeric membrane-forming
material with a swelling agent, so that the at least one layer of the swellable polymeric
membrane-forming material expands and detaches from the core fiber; and
(d) subsequently removing the detached core fiber, so as to form a hollow fibrous
membrane separator having a bore side and a shell side,
wherein the microfibrous fuel cell structure comprises (1) an inner current collector, (2) an -
outer current collector, (3) the hollow fibrous membrane separator, wherein said hollow
fibrous membrane separator comprises an electrolyte medium and is in electrical contact

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

side, and wherein the bore side of the hollow fibrous membrane separator further
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66.

67.

68.

69,

conprises a lumen all ow ng passage of fluid

theret hrough, (4) the inner electrocatal yst |ayer,
and (5) the outer electrocatalyst layer. 70. The

nmet hod of claim69, wherein said swellable polyneric
WEWDV@T8s f ormi ng material conprises a pr 8CHHS20080kA45ge
pol ynmer. 71. The method of claim69, wherein said

swel | abl e pol ynerjc menbrape-formn terial

conprIsES Mopkiliorie prtgy P fher oo 48ty o Jrrispotsns

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

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

comprises a proton-exchange polymer.

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

comprises a perfluoro-sulfonic-acid-based polymer.

The method of claim 67, wherein the swelling agent 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 electmcélalyst layer;

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

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

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

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

71,

72.

wherein the microfibrous firel 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 elecirolyte medium and is in elecirical contact
with the inner current collector at its bore side and the outer current collector at its shell
side, and wherein the bore side of the hollow fibrous membrane separator further
comprises a Jumen allowing passage of fluid thercthrough, (4) the inner elecirocatalyst

layer, and (5) the outer electrocatalyst layer.

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

comprises a proton-exchange polymer.

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

comprises a perfluoro-sulfonic-acid-based polymer.

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

solvent.
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