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BACKGROUND

Portable electronic devices, including those for mobile communications,
microseﬁsors, micro-electromechanical systems (MEMS), and microfluidic devices
will benefit from advances in energy storage. The availability of power sources with
higher energy density and lower cost will enable a wider range of usage and
functionality. One possible higher energy density source is the fuel cell.
| For electronic devices with small power requirements, microfabricated power
sources, including fuel cells, are being investigated. Issues to consider include
reducing size and weight, improving signal integrity with fewer intefconnects,
increasing processing efficiency, and lowering cost.

Some fuels of interest in micro-fuel cells for devices include hydrogen,

methanol, and other hydrocarbons (e.g., ethylene élycol or formic acid). Hydrogen
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at the anode in either liquid or vapor form Methanol

Is an attractive fuel because it can be stored as a
| fugLedlls and dires opasiraniol Buel ealls (PYEFGs) apgrate eddatively low
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| the iGN o84 DMEEC 555 &faﬁ%@lsirﬂ 16 9 &durd E@E@s’ilymniﬁﬁﬁﬁe& BRce it

conductivity high. Methanol crossover cauSes a m xed
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Semmelfmkhﬁhﬁhpfoﬁrp%gm&%@eﬁegadequacI es and

deffciencies Y Briefly described, enbodi nents
of t hi Brothrse{cbangeenembrongs cah e usgd 1nrhwuctep¢ra|tere fvel ¢edls that
fuel cell

{ GRHE S BB TR P e au MRS g entonsl fuel
OLAIRS, §usdaﬁ9 nggﬁﬁloﬁnﬁ@ 5BBRr GANRIdeShdng: t@nﬂﬁ%@'ﬁ%ulfomc acid

mat er 1 al cted from organi c conducting materi al s,
[ nmreglanlsuclcmﬂdaﬁdnTNg Mrnlpaneslis PEY ﬂlebmiblgead:rakby} sontain water to
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r- exenpla , anong others, 1ncludes: a
nﬁhd:reﬁm: tkmarsra medgn ﬁmenndﬂstramceovmtcenev atl lease ban¢ efithé r om
an| C CO (g .mat e i norgani ¢ conducti ng
é‘?"ﬁ"eé’ltlé’ne Fﬁ’]aa‘} ‘ef‘ﬁ‘ﬁ eof , wherein the

menbr ane has at hi ckness of about O. 01 to 10 mm
wherei n the nenbrane has a perneability of about 10 8

tol 014 g/cnts*Torr. . Anm%gnpl ary fuel cell,
anong others, includes: a conpri si ng
Briefly described, embodiments of this disclosure, among others, include fuel
cells, fuel cell membranes, micro-fuel cell, and methods of fabricating each. One
exemplary fuel cell, among others, includes a membrane comprising a membrane
material selected from organic conducting materials, inorganic conducting materials,
and combinations thereof; a catalyst layer disposed on a first side of the membrane;
and a concentrated methanol fuel having a concentration of greater than about 3M
methanol.
Another exemplary fuel cell, among others, includes: a membrane comprising
a membrane material selected from organic conducting materials, inorganic

conducting materials, and combinations thereof, wherein the membrane has a



a menbrane material selected from organic conducting
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| east a first nenbrane | ayer and a second nenbrane
| ayer, wherein the first nenbrane layer is about 10 to
| th@knesdsiof kbout 9 latod gt werh ysher¢inyhe meinbring bas dpermepbifitt of about
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d Gifil_str[%tef"t)f eIk e i Snial ﬂﬁgo%mfmmeﬁmla%}ed'f%g catalyst.

erein the nmenbrane includes at |east .a first
menbr aAeothayexengphaty aiswefveictetparhorgehérayiaelndesh e sebstrate having
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t BQ1e310RS WiRkdn #idnénBahd EfpREs b RRIRINI ARG FYRSTIRGA dixide,
catal yst layer is disposed on a side of the nmenbrane

edpmedadicoo didxedd silicomnithdmdeped siivoneitnide sélicoat axdypigtide, doped
| ayer includes a plurality . of |layers of ca S

S BRERas ragaf e dntaSrats DY EleR aPtl Bt eloped petal
ggﬁegezs{lm@amxﬁmes,%pémeﬁp&;awﬁaés, Mﬁanmi:igie&ﬁ IR,

or di sposed on the nenbrane on the side:
ophesirt the nfemisaresinelaties, at dast &first mhmbmne day@nand a second

Fg;&g%gé%eﬁ%q%ggﬁ%é%P g%%g@g‘% %’gfelg el Q ] at8 3!93%}thick; a hollow
{ BBichALbAG A defifled BPA pifibh oPIHE sBbHUPIR iiflon e

exenmplary net I nc , among ot hers: disposing a -
saenbiine] whenpnl a/crtalydt dayer isaindposesl subside of the nrearamengxposed to
parti the sacrifici terial to

ns of I f orm
S HteroflpwichannekwhsTein theysata v dayerme el 4lum IRy pLlavers of catalyst
0 | ¢ _ P .
ORI o AUy LA B Bk
meitelystah cathbdde ¢umensedlector dispbsedah dlid memprant oonlss sidsepposite

the first pqrous catalyst |ayer; disposi a secqond
pHtecyastas; AhpEsin figyets B e iHEY éorilytiyegaly bejpegn the catalys

f @GnERIGHe frentliofigsi N9 @ second 1 ayer of a
nmenbrane material onto the second por ous cat al yst
| ayer ; Mutitbds efifabiricgtiigdemsac-fiod icell ale alsatprovideéd. pOn¢ exansplary
to form holl owchannel s subst ant i al,%q)r/]_ def i neo{ by the _
sisthadapeudssepppngnethpsst dsnosing a53erititial Ralymagr wyraa@ a substrate;
¢ M\Xﬁ‘é p&rﬂ%ﬁsr of the sacrificial material to form sacrificial material portions;
disposing a first porous catalyst layer onto the sacrificial material portions; disposing a
first layer of a membrane material onto the sacrificial material portions, and the first
porous catalyst layer; disposing a second porous catalyst layer onto the first layer of a

membrane material; disposing a second layer of a membrane material onto the second

porous catalyst layer; and removing the sacrificial material portions to form hollow



O her structures, systens, nethods, features, and
advantages will be, or becone, apparent to one with
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drawi ngs and detail ed description. It is intended that
al | such additional structures, systens, nethods,

f danuglesubstantialideiimed §u sherabstrase, uekmebrana mptgrialy prd the first
descri(;é{télort}l be within the scope of the present
REYEHE '‘ARY be protected by the acconpanying

¢l ai MOHBRYERWPESCRIERY, AN TidiuRBANINGSalYBEY ARRRCSS
of this disclosure can be better understood with

r efcemenappatent toramefvalth skl rythd eetwipog sxarmipatiaroeftbe &xltosving

the drawi ngs are.not necessarily .to scal mwhasi s

 Sva ied “pd g Te Sereptpo T B ruspdey el du e d Ao tuctures,
PéysRfisPehodd, fédtires, 3nd alPaiigRs bdVRIcRA¥E withirthistRscription, be
drawi ngs, |ike reference nureral s designate

cwithisshostopea of hamresentdisslepnmiand beprotegtaddly thé aseomprnyEng
l.illustrates a cross-sectional view of a

r@@MSsent ati ve fuel cell menbrane. FIG 2 illustrates

a cross-sectional view of another representative fuel
cell nmenbrane. FIGS. 3A through 3D illustrate four

enbodi ment s of BRIEF BPESGRIPTEIN OF FHESRAWINKiSough 4H

-sectj onal. views that, il lustrat ,
" epr es ARG pTEs o Priotsesrs i hefis kgoadiisioady h refigence to the
CRlilbwind da s e¥ht BoriipSrendAn tHel drawidgh hledt ﬁ@%e@%g?}i to scale,

cross-sectional view of a representative fue
nemplraaisenstéddGeir pladedsippatiesrinilbistvatmesbe principles of gws of
a.represepntative.fuel cell nenbrane. FIGS.. 7A.t hrough
TeiseiPri: Mafeoveioin e footines M FUreRieMEIT H AegMS
chﬁ%s?cﬁﬁiﬂ%a%gfi}oﬁghcﬁ& fheGEPSR GRS 1 onal vi ews that

illTustrate ‘a representative nethod of fabricating the ‘
mi cr o-Fligell illedttatesal d@®ssSectonahvikPSf s cepresshtasive fied celtimembrane.

pl ati ruthenium (Pt/Ru). FIG 10 is a plot of th
P ur b alvTa < e scrertanel i b anotber eBioranattig e cel
ph@g,ib%g)filns. FIG 11 is a plot of the ionic
conductivity of SiQ2 filnms neasured through inpedance

spect r BEID B thidugh 3TRillustrae fuuoembbddimehss|of ndedolfuel cells.

per f or ce of mcrochannels with hum dif.jed .
hydr _oggﬁbli e J’Iﬂ‘gﬁ _é%aarﬁ mss-a?ctlamﬂ al I“T"‘-’Sc‘g?tl ‘hb%YaF%rarfﬁW@%entatwe
Ofnefflofi 0P EARA th¥htidro BN P¥RLRH in FIG. 3A.

FIG. 5 illustrates a cross-sectional view of a representative fuel cell membrane.

FIG. 6 illustrates a cross-sectional view of a representative fuel cell membrane.

FIGS. 7A through 7C illustrate four embodiments of micro-fuel cells.

FIGS. 8A through 8F are cross-sectional views that illustrate a representative
method of fabricating the micro-fuel cell.

FIG. 9 is an XPS scan of sputtered platinum/ruthenium (Pt/Ru).

FIG. 10is a plot of the measured and calculated resistances for sputtered
platinum films.

FIG. 11 is a plot of the ionic conductivity of SiO; films measured through
impedance spectroscopy.

FIG. 12 is a plot of a half-cell performance of microchannels with humidified

hydrogen.



and aci d- met hanol -water solutions. FIG 14 is a plot
of a mcro-fuel cell performance with sputtered anode
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performance of sanple B at different tenperatures.

FIG 16 is a plot of anbient tenperature mcro-fuel
cel | pEld.dBnamplet of a h@l&ptlépersmr@lceacvfdmmqm@mletﬁ Witle megthtanol-

anount s spyttered an ecatalyst FIG 17 is a plot
oWa@ﬁ?I}der'HEﬁ?i"?gwstFr?‘ﬁ B19%pedded catal yst sanpl e

hel d afrxqass @Ptot BPA fiiérodlellcell pelfiMand® with Rphitesed Mdde and
18 is a plot of a conparison between steady-state (at

1catimdeut es) and |inear voltametry polarization data

f Dwth 1.di fied hyd t .
terper una ® #plet of§ Mool FEHORHeED LB fiffren
CRhlpeR@iEQr mance with 1.0 M acidic nethanol at 1

mL/hr. FIG 20 is a cross-section of a conposite
menbr aRkS. flads a phit bf snbienplamatiabire migodudl xah peomEing: op

1is.,aplot that.illustrates th o the
st s Witk e il NP Sl TRaE 63

menbr apgs 13tis b Bﬁ)t bP SR dne FRRIP LR imbadded catalyst sample held at
current-potential curve; (b) current-power curve. FIG

ZQonssmapcgtbmrtaltfdraibouﬂl(lmtnumses t he el ect rochem cal

Nar i onk Ly Sae Plot S5 epmpiiiign B eEn Slen- Aol 10 Minutes) and
t ﬁﬂ&? Vatith &rAlar?zafien Yata %r@am%ﬁa DSvith }Nnﬂhlﬂeh@fydroglen at room

[Tustrates the performance of the mcro fuel
V\kemper@ﬂneon(t rr)/gl ass conposite nenbrane and single

lt :ﬁggr gﬂg g Is g Q;Ot %pggfgd%(nglﬁglaﬂe 1 @géfg%{]a%(:%?w?t@ 1.0 M acidic

cleeﬁﬁH(glaqq\QﬁL/hpurve FIG 24 is a plot that
illTustrates the el ectrochem cal inpedance of the mcro

fuel CcEIG. 208iis h cida$-saniph mf A $010pSsi eonpuisntefuskodd witle pamiel
SI ngl e Ia%/er or dual |ayer anode catalyst at the room
BUPESRNBFE and 0.45 V. FIG 25 is a plot that

s FRS o1 it B 1Rl ﬂidma&@mfpemﬁnmé@ oPERMiEHCARl e vith

cell at different tenperature with psig inlet
hgd,cné iNafioaBE 1@ d§|n®:mb}6nessat thepbarn td:rhpﬁratlutd (®tcueremtspotential
t Igl?wg;%{))r glPrE'en?-ngtero éu?'\l/e charge passed with time.

FIG. 22 is a plot that illustrates the electrochemical impedance of the micro
fuel cells with and without Nafion™ on the SiO, membrane at the room temperature
and 0.45 V.

FIG. 23 is a plot that illustrates the performance of the micro fuel cells with
Nafion™/glass composite membrane and single layer and dual layer anode catalyst at
the room temperature: (a) current-potential curve; (b) current-power curve.

FIG. 24 is a plot that illustrates the electrochemical impedance of the micro
fuel cell with Nafion™/Si0O, composite membrane and single layer or dual layer
anode catalyst at the room temperature and 0.45 V.

FIG. 25 is a plot that illustrates the performance of the hydrogen micro fuel

cell at different temperature with 1 psig inlet hydrogen pressure.



for a sealed mcrofabricated fuel cell cross 56 kW
resi stance operating on a limted supply of hydrogen
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illustrates the pressure data for a m crofabricated
fuel cell operating on a linmted supply of hydrogen.
FI G 2BIG.26as pplst thah diusiratesithe canrers and éotplaahprpepassed voth time

o AR PSR P aREed e (el Ao a6 AT Festan O eraly fita fibiced
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concenFiGati7asa atot thee iltustrarct thepessairadeta f0m) microfabricated fuel cell

currentpotential curve; %b) current-power curve. FIG
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an OT Wt T’] a .

tenperature on ow rate of
nfueheell \Fitmdlfﬂerdnt |lsi\/Iaanhanol floatrate lat woehr @inpsratire. ¢ ur r ent

density-ti rre cu ves 250 of the direct. . nmet hapol
mi cro FIe29defp %B&ﬂiqsﬁgeai msém%@? (lirsctgrethangl ghicro

gﬁfeh@a iV di (Ifl Ffufgenf hWahAlBnntrdtit-4dthe r%hﬁggﬂ%@g&é@gﬁ(a) current-

strates the variations In
cpastdmmllcunvby(bt))f:urli’dmpedfe@uramd undoped (O SIi2 fil rrs
and (B)_ P caoncentration wth deposition terz&pr at ur

FI G 3 1G.304s pplot thah dustrates depgtiaanangp of e diee @ﬂhm micro
i Fl{%pceci ﬁﬁut ?a?ﬁlf?erg)n?‘%r{l/ﬁ%r% énlngé l\eflg’r?icret‘g%(]ﬁ v@ hod g&b"ﬁte of 0.1

ustr he core le
paatks for PSGfilm FIG 35 is a plot that |IIustrates

the room tenperature |-V and power characteristics_of
fuel cBIG-Sldf Rl H&sﬂéﬁtrgﬁewleéﬁaem\ﬂ@narsrflmeecﬁfvepstﬁ50 mV of

U G PRt B DR EA 8 s

mefithadfovofatd b2 pCaki on t her eof are discl osed.
Enbodi ments of the fuel cell nenbranes are nade of a

gI ass BIG. g3|23§ gy)lq*réhaérllltmm@éﬂ\f:évagatlorwn (A bionisi corferdivity of P-

aﬁgp %ﬁg) do,?ggigﬁjgi(% lrr{sI Ve@ﬂi} g&(ﬁc% acf?%avléllpgeﬂos%f%}l
CRmRRIARe area

FIG. 33 is a plot that illustrates typical XPS survey scan spectrum of a PSG
film.

FIG. 34 is a plot that illustrates the core level XPS spectra of Si, P, and O
peaks for PSG film. _

FIG. 35 is a plot that illustrates the room temperature I-V and power
characteristics of fuel cells with undoped SiO; and two different PSG proton exchange

membranes.

DETAILED DESCRIPTION
In general, fuel cell membranes, micro-fuel cells, and methods of fabrication
thergof are disclosed. Embodiments of the fuel cell membranes are made of a glass or
glassy metal-oxide (e.g., silicon dioxide, a doped silicon dioxide, titanium dioxide,
and the like) and the membranes are relatively thin and have comparable area

resistivities as thicker polymer membranes. - The thinner the membrane, the easier it is



resistivities as thicker polyner nenbranes. The
thi nner the nenbrane, the easier it isfor protons to
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el ectrical current that can be generated. Meanwhil e,
the materials used to nake the nenbranes are superior
t &r@mtomtpllgm@stb@ugh dt Gws e)ccdaalng éhermmna néeleqtpmss)lrrpmt that
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3R ), PR Bt T 6 SR B S e
e BRI e Pibricdt? téaﬁh es! In HRTOEAN Qh@ﬁl@nﬂ)%e%ﬁ be fvvidhted onto
cell can be directl y integrated into the electronic

dtheinciero-¢lestramxastpicyre tchehich dhe fuell dellnegdung tebanstdt he
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or m Cro-f cell 1 n the electronic package,
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L it hi f | {
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ranes and m cro-f 1's can be used In
t etérpodingyr Atacking $hﬂ:ﬁuehsell rim:mbramt ot therirtierd-fuel, cell to the chip as a.

m croel ect roni roprocessor chi ps,

c STR3TALT Ryt ?hah‘sg’ﬂpéﬁd t%é%lrpﬁbt oel etroni ¢ chi ps),

m cro- ] SOLLPTRE ﬁépb&%eﬁﬁﬁh%d@/gw}uel gélférc‘ﬁn be used in
fluidics, sensors anal ytical devices
me(chnxdhg}oaraztmchl pd) it naxdimitedi to,atncrmﬂqzmsntcs ()aflg ngucroprocessor

devi ces . ﬁcons and GPS systens), cordi ng .
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nmenbr a exanpl e punp or oth
maddrachrenmatographg), uschuhwatel/pasitiondng dstices ge. £ hbezfcumd and GPS

cell nbrane. ] n anot her anpl e, a fuel can be
sﬁbﬁteé‘gsaréf"are’é‘ﬁtdet’ﬁés @H%Fhec@ nmenbrane. In the later

enbodi 'Tﬁé‘hxe[l Eél?cefn%'nv@l 'ahd/b?ga%%%l?‘ﬂle 1415 iﬂe%’él%llso

t hat natural convecti oh npve he“fuel wthin
C hsntbednea doaexxamiple feepunuyebr abérl detieerip haaehanigh san be used to deliver

conbi nati ons of these two enbodi ments can be used as.
wetyel to fhefpcliceil giembrane. JAapet ng%n exsma[fue%gel rbPridtersd adjacent the

Wil @el}'ﬁl'e n{)at.nge i fh%llatg Ihb(ﬁﬁﬁeﬁte% el]tl Fkrs%'a'lgﬁ aﬂ@n@rp—ggwing
vent, nments an open ce system an
t bo ﬂiaghatarapecmveahirﬁnmhhaﬁml withinehdddinnelrddfacedt the fuel cell
cl osed fuel cell system Part A
membrane. Also, comb1nat1ons of these two embodiments can be used as well. In
addition, the chemical products produced while using the fuel cell are released
through an open vent, in embodiments of an open fuel cell system, and through a

permeable membrane, in embodiments of a closed fuel cell system.

Part A
FIG. 1 illustrates a cross-sectional view of a representative fuel cell membrane

10a. The fuel cell membrane 10a includes a membrane 12 (or membrane layer) and a



FIG 1 illustrates a cross-sectional view of a
representative fuel cell nenbrane 10a. The fuel cell

worestbnaaes 10a i ncl udes a nmenbrane 12 (or menbrBEEUS2005/023746
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| ayer) and acatal yst |ayer 14a and 14b di sposed on
each side of the nmenbrane 12. As depicted in FIG 1, a
f catplygtdaygr 149-gnd JAbx digpesed o eachristdeadithi memhsaned2. As depicted in

I { ' i nat i t f
O e G50 TP e B0 B st B ABEER e Ableandos
( Gorgbinatidhsithes e ofiadRd Withl i sIRMTHA Bel AMmENBL 102 (c.g.,
while air is contacted on the opposite side of the

f o theapde siderpf tha enenduarnes(ngt showm)) while air ioehmtastedeonathe

th b t . F l.e, the foll qw

- B8 TRE MU B Iod o RiMnscith (6 BF Wi et s igrot el

f Hﬁinb@aﬁie'(n&%ﬂb%%)%e Fof GRS, ithefoYlowIMpE8adiRdnS 8cdil bA #inode and
CH3OH + H20 - + 6H+ +6e and 3/2 + 6H+ + 6e -

3ftimdeide ofdhd fughecllonembraot,udspeatintedy, ivdien using metksgnobu€H;0H +

n Ilimte o, .or G copguctin erials and

e gah ’gSﬁdeQ? iaﬂﬁgé{?&%ze#;f% Eoerg iple. | he
Menbr ange fmbkdelcktl hollRletidtéal Suih a8 but R 1ihRed dol Highfid
to, silicon dioxide, doped silicon dioxide, S|I|co§

nfandueting matgrals end invoganr ¢condeeinggnatercaln  Boryaxamnpleg the membrane

doped si.licon oxynitride, el oxj.des .(e..g., titanium .
osrEeiogs P R et i Sor R o ichaip i), doned b pride
NiticrfiSirided@aRd siRbA nitByé, 48 fkon %ﬁ?ﬁkﬁd&%mehlsn%ﬁ o&gni&ide,
titaniumoxynitride), doped netal oxynitrides, an

coneisil paideies. ttitemivmfoxidey upgsten akide), netalmithideses.,dcdmia

doped. . wi t h abouyt 0.1 tq .20% of . dgpant. i n the nenprane

R Sabapes Tl gidss. b Saigpiairaes U e i SRgniap doped metal
dengtriakd, a6@BoribinX SR thfofl Mt betiPal, A ncntbrARs chi B2 H&RL with
to;” phosphorous doped silicon di oxi de, boron goped

sitiout 61 td26%i efelopantumtheumerdogeeeliarsi dtioob® 1 do 6% efadopant in the
arseni c doped silicon dioxide, and conbi nations

tWS?’@E?F‘?' In general, the doping causes atonic scale

def ect $hSgsgeddichh Hdxidd daf iR 18R, Blwis ﬁ@ﬂirﬂi&é& ¢ bhdsPforous

lattice so that protons can be transporte

t deped shicon dioxiden boranuloped oficatabhioxide,ahmminenf doped Silitoit dioxide,
20% by .wei ght of..dopant in nmenbrane, 0.5 to 10% by
Y et isaR cionn i polmara A Ueree) dnggyriletierine
doREe atdmicRARHREts siétfad ML i ' i

| ess tahanlcabout 10tsr§1' cr%énig{tgg gm(sﬁ%%?ag%gﬁ(tih %Oggmtg g&ti%fso that
nprotagi oan bOtransportéd tyetlabaght ThelamomnPofhdapimghamtbedrdm 04 to

1 and out 1 mm . The | ng(ﬂ{ufth rane 12

2 B weh o BtAn 51 eI eSS 1501 B Bt &F dpRahingagmbrane,

bgnd' 89889 Weight BT Mint B0ReABlant t shoul d be noted that

the lengthand wi dth are deper?gent on the application

and cafhdmembijans 1@ dhase docldiessyifiless than about 10 micrometers (um),
about 0.01 to 10 um, about 0.1 to 5 pm, about 0.1 to 2 um, about 0.5 to 1.5 pm, and
about 1 pm. The length of the membrane 12 can be from about 0.001 m to 100 m,
and the width can be from about 1 pm to 1000 um. It should be noted that the length
and width are dependent on the application and can be adjusted accordingly.

The membrane 12 has an area resistivity of about 0.1 to 1000 ohms c¢m?, about

0.1 to 100 ohms cmz, about 0.1 to 10 ohms cmz, about 1 to 100 ohms cmz, and about

1 to 10 ohms cm®. The area resistivity is defined as the resistivity across the area of



The nenbrane 12 has an area resistivity of about 0.1
to 1000 ohnms cnR, about 0.1 to 100 ohms cnR, about 0.1

WO o00&014abars cn2, about 1 to 100 ohns cnR, and BODUS2085/023746
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to 10 ohns cnR2. The area resistivity is defined as the
resistivity across the area ofthe nmenbrane exposed to
t e merabrapeexposed leshe fugh(reg. 1 fiesistencer timesoares exsiesistivityttimes
t nﬁ% tst)ﬂ ckness). The menbranes 12 can be forned using
®)such as, but not linited to, Spi n-coati ng,

pl asmaTRORRAMRshes N2 OLERE foRBP (siAE RREIJE Sth(BESAEbt limited to,
screen printing, doctor blading, spray coating, roller

c epinicagfingrplaswe gehanoed ¢hemical Naparsiebositacn R Dk sereén printing,
TBe 9 ta&. st | ayer..14a .and ]t'4b can include a cat I.}/lst

S %ﬂorgtélz’a %%,tsp tcopli g, lr%l rf:%e} mlg' QF?lﬁ%coatmg, and combinations
phEdopunm r ut heni um ni ckel, palladium alloys of each,

and conbi nations thereof hi general, in one enbodi nent
a pl at Theeatelystdayes il 42 sndibbcanhmaiuderecatalgdt such dsy biwtoge himited

B a1l bt AR iR Er gl it codihand combinations
Cafefdof Sin §A¥AN, il e BRFodithenCANaliMih BaSIyENE uSePhen the fuel is

, IF
catalyst or a different catalyst. The Catal yst |ayer
1hypdragen ahdbn iasothgrxineholdingerd apdatmusy/migheaiuns tathlystas usddatrhen the

"y Bheed ot SR Tateg  PLak,fbisa iy i samd Stalystor a
C QTG icé‘t@ly@@t’lmelb:;ﬁ{a‘fﬁ?ﬁyérhga%ﬂ& Ak it ilf‘;lé(lﬁra Fdtdud &ﬁaéyst layer

anode currént collector: The catalys ayer 1l4a and:
1t eliowd@romna ta prass Kmewgh thé poress cathlyst 1dyer. hbaiditich, thkre is an

to, 100 bout 0.1 to 5 nd about Q.3 to 1 nm
Tﬁlgctela?@n Spudugtiye g HOE ST DD %PS%YWF ¢Rllector.
| ayeri fige 0f a@%tlésteyiha lé‘rﬁﬂliblrl%n Y aﬂam@stlcggés?,ghaém, t%ia%ut 0.01

t
bui l ds a thicker” catalyst |ayer 14a and
oto Hifrjem) @pet 8.] .to Bomm,exdabdwe 0.3 taed jhrmyers i nprove the

oxidatjon rate of the fuel. This |s advantageqQus

becausdh? Fatalyst pyee e l‘{#ecaah%%@ec%&eg}aygf Tademes plratphypt and
k TRV - j f
Rkl RN Be N TRl 4 TR o o
hinginelayera) &F ¢ exareplepmaslayars mpgrhes theloaadatioe sdte ofithe . This is

an ower. .The nmenmbrane can be further processed b
pB‘g‘E"B%B‘?‘Hd’FC*‘FﬁS L3P ATease aB%‘i"d‘Fal‘?’rHY% de e%ﬁ’é&malyﬂ

i’T oﬁd?sumrmg}?s&fac& Rteh SAR §16WS Hi 'age ncgfg@eigaétﬁgg\sgw-fuel. A

opants can I nclude, but are no oron
ahghphatpooarcepeds teeluphatefeatricatanrebeandgbwdrdual |y

Sol i d_ SBEFERIPTNe c8ARe BEUICTFSF GhY BeFhiepg: 4nRgRRnts canbe

vl IO 1 0L T AR e S,

c dogmtsis ifcdude, butcare hatdyhital tachalsn and phosphorous. Each dopant can
be individually diffused into the membrane from a liquid or from a solid source, or
can be ion implanted using a high voltage ion accelerator. The conductivity of the
membrane can be increased by diffusion of acidic compounds (e.g., carboxylic acids
(in the form of acetic acid and trifluoracetic acid) and inorganic acids such as
phosphoric acid and sulfuric acid) into the membrane.

FIG. 2 illustrates a cross-sectional view of a representative fuel cell membrane

10b. The fuel cell membrane 10b includes a composite membrane 18 and a catalyst

layer 14a and 14b. The composite membrane 18 includes two membrane layers 12



(in the formof acetic acid and trifluoracetic acid)
and i norgani c acids such as phosphoric acid and

wa@nbobon4403 aci d) into the menbrane. FIG 2 il | uBtT/asB®s5/623746
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cross-sectional view of a representative fuel cell
menbrane 10b. The fuel cell nenbrane 10b includes a ,
cambtﬁs(ppéﬂm ayeahe). 18 anottierendmdithgrss the fiyed cell megmibmahe 10b can

t i ncl ud
ik WEsEREOR ity BF CRAlysleveRy 44 i sphe 3y he pofFrer ayer
ey Qetians secbﬁ@ chiiBht 15;%'14&%'@5@@8(1 diPthe DdMbragd 14Y& 12. The

three or nore |ayefs. One catalyst layer 14a is
dmpxbm layer 1 Beng teyoatalyst yers 146andiidb are singlag ¢ those descrlbed

cata a b d th I
15 Rl b e Pagdiionaha st pflLmembeans 40 PRalcS Maupanner
a{]ﬁt 1%4& Sinfe oﬁ‘s{ﬂlllﬁrtottﬂatt&@&?oeg%ﬁwé bed in reference to

. In addition, the fuel cell nenbrane 10b

oper at Akhouglahmmd]randiayerﬂg ahdhpolymeelayer Hi are lseparate Jayers, they

t descri be ve. th nenbr.ane | ayer 12 .
L Rt sBrafiis & e el rRermprand. ol copnbipaion o PRPRE{FS R onic
OB ) HRkove Pl IR R an S D ORI the dual

properties (e.g., ionic conductivity, crossover

1 yeshembene lrmylharsupaiorm seamginktanees thantegthet lkagdr individoelly. For
C GRS (PO E RS G 49 1opBl EsEaRGHESUPPR B slabilty to

)ﬂ;@ﬁ Ijaﬁ'é/ﬁ; erf® May add additional mechanical support
st a% 3 to the nenbrane layer 12. In addition,

| n errbhdadalﬁ[nrs indreb@limbkets méntmrthmmehrbyz&re layer i12 issilicaodioxide,
di.oxide,, this material is s r.to e oth

.H%ma&esakls BERiAS 9 thePthes sy ?ré flag taef@l?raféte thg device, for
)?d@ WA Re [aJ%VI T %@nseusl:ﬁgvdhsa SR b %tBr Bevice.

ctor he pol yner ayer can I ncl ude
poI ymeThe peigmenkyerbl( candtclidenpdlgders suchNeasf butrmt ijnited to,

(per.fluorosul fonjc acid/ polytetrafl uoroethyl en
&ﬁ 5Py elP rﬂUﬁmsyHﬂ@ﬁWéép@%m Aiosthyieng con%mnﬁseaolyphenylene

Ng'%%nnq% %?81 @ig@;@@;}#ﬁhi g c{:llﬂﬁfngf?tfns tE&Eoie WEkﬁn%l\éfn\%‘en

e polymer layer 16, the o
c iNafion™ ip aseidsithé pblgmebger 16htheropewciradr }ﬁnaﬁla\l\lhiid‘h‘ﬁeh shown to
loss to current density, resulting in an increase in
pwsquﬁé?wosz&ﬁa cyrent @F@%ﬁtdyrewﬂ@g P ingteasedp @pwerdensity and
figkpess of about 1 to 50 nm 5 to 50 mm and 10 to
58 he I ength of the polynmer |layer 16 can be from
about Thépolyiienlal&01 hasarnbickiegs of siolnt £ an50and, ISQGnSGlpmeand 10
o 500 mm _ It should be noted that the |l ength

d
Wrcu%(hfuar dhgdenetiyehthe palymss laypin § caatbedFrraAbowt QP b to 100 m, and
aﬁie%hﬁ]dcaﬂ%%q{:d?ﬁ B 1 p-m?o g@t e it Bﬁ}ldk?)% é\%?é?iotﬁétttﬁglength and

usi ng techni ques such ‘as, not
S piidth @feeddpegdenaom the application and can be adJ usted accordingly. The polymer

can be deposited using techniques such as, but not limited to, spin-coating, and
therefore, the polymer can completely cover the substrate, and/or can be selectively
deposited into a desired areas. |
The polymer layer 16 has an area resistivity of about 0.001 to 0.5 ohms cm®.
FIGS. 3A through 3D illustrate four embodiments of micro-fuel cells 20a, 20b,
20c, and 20d. FIG. 3A illustrates a micro-fuel cell 20a having a membrane 28, a
substrate 22, an anode current collector 24, a cathode current collector 26, a first

porous catalyst layer 14a, a second catalyst layer 14b, and three channels 32a, 32b,

10



therefore, the polynmer can conpletely cover the
substrate, and/or can be selectively deposited into a

wale@snedoar eas. The pol yner |ayer 16 has an arBeI/US2005/023746

resistivity of about 0.001 to 0.5 ohnms cnR. FIGS. 3A
t hr ough 3D|IIustrate f our enbodi nents of m cro-fuel

- cand 32cp Jhe mepbrapg28 cayigcindgthespme chemicpl qpginosition, dimensions,
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t.
S0 ARS8, e ARG 0 PoRIRLS By R e
cBlG.actTie tRigcknas bf thetmgabrans2Eidinddaysrtd Iidyeihe 16Pof tBe channels

second cat al yst | ayer 14b, and three channels 32a,
32% 34 8d32C-The nenbrane 28 can include the sane

chem c 1'1 mlﬁ’% '23 ?.lgbe gée'ﬁﬁ%%s%}ﬁszsugﬂ% %@B&Cﬁ 1rtc|=,dS bl CS.

as that descr menbr a escr ove %n

r ﬁﬁ@bp'ocessmmhﬁisﬁmdroﬂﬂild& dehioeig RE&Eors) AndltecahBethiceNghd28
is rreasured fromt of the channels 32a, 32b, and

39Rmbifpfiong G‘Eﬁ??fatTé‘“QaZh‘%: bstsete d3 een bemage otmatesials wm@pnate for
b di
ks B POEPBRRSRL ML B BRI o

t bexip OExenTplusmatietigls $ndh$de[ Bﬁt&réﬁoﬂhﬁtﬂtd@&o!@%e@fsmcon silicon
mat eri al s apprqpriate for the system under
cWP%@H&taeaﬂa%mggemﬁawnp?qmn%ladmgalilwgﬂ Balkinm comeunds,

bﬂﬁﬁgﬁ' ﬁﬁ ML G e gas oFfé?E@?ﬁl%ncm@itoggiﬁ?érgaH zlﬂlf%oﬁ%ﬁmp&%ds, and

are n Ot asses
C comloinatitss tlg@eofa rlm ualﬂmge ntieesubstrate 02 paindtide @ahlsérdi¥onductor

alliumco un i ndi um_ i ndi um conpounds, ot her
g‘é‘}hstf%tﬁ&t?&’n%? h%f?léi%w diflgotye n@&mb%&s (@gielcopper and
CONTRAARY, OF Serkdlt SEbreah sty Rilng MTRUP R Foatds, for
i emimp]d: n@r&mymdfeethecshbstmtm @hiiadlude@iearandreé cGmponents, such as

per a d alumnum, or ceramcs or organic materials
rP&“}CH aﬁF?‘HP%‘EPn\ﬁ Ysedh i esgtapRystems degexihps pove.

Furt he’i‘ﬂpﬁr‘%t s ééi?l?%tﬁ%le? 1 4415 G0 dAUUAE bOREN Ude

conponent s, e ‘particular conponents use
ceetnhrane systda msthel solistriatec?. abmmeconﬂﬂpercfws fcatalysplagetsl 4b is

C sPenbl i 4RSE sie 0 tgmemrocE b (et oppOSieia Ihebpmele 2.
p‘?ﬁ@h'r?'crs %élc&? bok ﬁ'ﬁé ded 48y dit PodLis Pﬂﬁ‘lggtl%%t g aﬁ P se%b?@porous

nbrane on e Si opposi t he su stra
ZQatal'y"stt éayer t4tm-wWhiet fomml dlecRixally nandudeee paths toghe paydedarrent

cat r a.and a se ond or ous .cat al st | ayer
CRORReNp 24 Y B cEoaE Birmets e PR AR T Vgl (e st phigvs
a&@ﬁ?st Ga4Vef S arftht 85LR pgl‘(‘)ué1 al&&%ﬁ?tlh‘l?gﬁl intul€ tie same

col l ector 26, respectively. &ﬂ first porous catalyst
I m}dystazlsathamjdetshd)esleabovm apd rlsa bacahabamsd thickyess abdb can

i ncl ude. t.he sane catal ysfs as those descri bed above,
aﬂlf‘%ﬂ?%%‘ﬁsa%setg?ﬁ?é%éﬁﬁ’ég tah?‘@( ness and

The anode current collector 24 collects electrons through the first porous

catalyst layer 14a. The anode current collector 24 can include, but is not limited ‘to,
platinum, gold, silver, palladium, aluminum, nickel, carbon, alloys of each, and
combinations thereof.

The cathode current collector 26 collects electrons. The cathode current
collector 26 can include, but is not limited to, platinum, gold, silver, palladium,

aluminum, nickel, carbon, alloys of each, and combinations thereof.

11



characteristics as those descri bed above. The anode
current collector 24 collects electrons through the

wo oosh14a03 ous catal yst |ayer 1l4a. The anode cuPECENE2005/023746
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collector 24 can include, but is not limted to,

platinum gold, silver, palladium alumnum nickel,

car bonTh@Virays apdegirent eqligciorms andithe pathadecument coflgetor 26

C 3 t ropns. The .

c e ALy e T bert of Br el FepBASi B BRccop ffuration
| desired ¢e. §.0thepliaihjz Boud bg Foth arfde & Cathp@d ﬁ@ﬁ’érﬂa@) or anode-to-anode
al.um ny ni ckel , carbon, alloys of each, and

 GRBRALEDoris onR einbadimeRb thieiniigidiabmister feshcpligan be connected

c : : { r. r. 26 c

e R

dameinatientodimdniahe cstnectiond ki be thadé ingshrdlR] & incieBse the output

mﬁring coul d be from anode-to-cathode (in series) or
faEral pidhe rsebvqliageparal 1 el )). In one enbodi ment, the

i ndi vi ' I ; -

el et r o oS 321, 43b, £8'428 FAMAERERDIERNEE o popg on an

| sidesciagies ¢rbss-aeatignil vieol) bagies mbmbane 2B cthe €rdl POiole Bitalyst layer

thglgﬁfnections can be nade in parallel to iIncrease

t hed 8 s

subsirafeetd Adugl ees hydagspand appthanphds flyad dnte the
oG8 a2 iR AUORSAIL AU B LAY g gt
mebdve afThe 2Banntl&24, 32bf ampb3Xeycandrtialsyisds, payied], drddmeand
the substrate 22. A fuel (e.g., hydrogen and nethanol)
i COmbiggian tﬁ?ﬁeaf- t e andenpirest llpcion 24 indisroses adjagens the channels

fi | . [ I
B e e
be i n Bem ashodpacs] thelcharmelsSAaE3 200 o 3xrtdre forinae b die removal

T&F node currenf collector 24 is disposed adjacent

t FeB- 3!’1%&%5‘;“0??8, a spspficighpolymer laygrirana the) asea injvehieh the channels

c t . [

cooar vand 52 paTaPREE LR Mgl irodSEor e sfs 20a. o

bsactifieial potpmert layer.ig depdsitahqns itei sabgtrand 1 2arsagitiefriedi dhen, the

pol¥ger Igyer froqg%he area in which_the channels 32a,

3@gmbrang 2§33 depogitedargundithe paffaragyd sapfigialnolyrmer layer.

0 _ . fi i al

PSQSERRN, Hb SR U 09 SRS bl PO 20, 32,

patd ¥cn dihe pidvesses fdrelepesitingand r2@oving depasiificidl polpdachre
rificial polynmer |ayer. Subsequently,

t he patterned sa
. tﬁ@“gggﬂppﬁgFQﬁaﬁ5¢VW?ﬁfFayer is renoved, formng the

chan n_eJ\_ﬁthl?g%a r3éng AR Sectibhbs HP&&Q@? ot th€Lhannels 32a, 32b,
h pol ynmer areé

deposi ting and renbving the sacrificra

darsicis stbd thme-donenstbabbbduniaissiofi dfet channel ¢dndiagh cdss-sectional

rectangul ar cross-.section is illustrated for the

cHERSUFL asy %’Ht nootilémted to, rectangular cross-sections, non-rectangular cross-
sections, polygonal cross-sections, asymmetrical cross-sections, curved cross sections,
arcuate cross sections, tapered cross sections, cross sections corresponding to an
ellipse or segment thereof, cross sections corresponding to a parabola or segment
thereof, cross sections corresponding to a hyperbola or segment thereof, and
combinations thereof. For example, the three-dimensional structures of the channels
can include, but are not limited to, rectangular structures, polygonal structures, non-

rectangular structures, non-square structures, curved structures, tapered structures,

structures corresponding to an ellipse or segment thereof, structures corresponding to

12



and 32c, the three-di nensional boundaries of the
channel s can have cross-sectional areas such as, but

wmodocloi4ans ed to, rectangul ar cross-sections, PCT/US2005/023746
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non-rect angul ar crosssections, pol ygona

cross-sections, asymetrical cross-sections, curved

c R pargbela of pegmacnt heraedt trueturss sogesponding to 8 hpeareela or spgment

S i ss..section anrespondi t n.ellipse ..
ofeksaf b SoRERURR bLRAE SIBEERENEC Bk s ey B Sgetiona
P areadidvan gL spﬁﬁgn?—ﬂﬁrz{dgﬁfe@t, MokddS6r, BRffiple BiF-regions can be
correspondi ng to a hyperbol a or_segnent t hereof, and

c BprerertsA &0 farmrmisrochmnelsand mpicrochampers, for example.

t hr ee- gy i on uct of . t he chan C '
o EhOBPhERn b A PR el HEATRR AR 7B 100 m, s
st tacoMn@s] t@s uenaad 1610 20fim! Ghe chaheRBS2aNIAY, afid 32¢ width can
structures, non- squar e structures, cur ved structur €es,

t BpEPERbent Q01 t ehwut $940em, abeyt LX) to@bpnldiOR gum.@beawt 100 to
: 5
i3 B, PRI A BosBPASL  SpLASSARNAR

C A¢peading 1odithgappdicatidiyerdonfi guratiorS@oiEch tHehareapkd. AR€channels
conbi nations thereof. In addition, the channels can

hé%ae 38,0 336 can bl seripse RaraHely serpensingadi ofhar gonfiguyatings that
h?x’e%?érolqm{quyf{)artiﬁﬂg Ap?r,]!ﬁ@at%hr -regions can be
i nterconnected to formm crochannel s and

m cr oc hinarb@nisodimerit, thsang fivial PoBmeh asyiabprafiae thxXMacrifidisl
32c hei?ht can be fromabout 0.1 to 100 mm about 1 to
100texiH [ayercgnibg apelynagy dhat glopdy deromposesiind deanprtipsodysg undue

3 : j 0

10 e R Wl Bl B8 chbfflsciea or a3y Bl dhe
abotdundhg materialhieln sidgion, e dedvenpisnivhelf shedsdarifidabpolpnet
32c can vary w dely depending on the application and

c BrodpreRsreat motecules fpl sneuedyo apraneaisdlic membrieadin diusther, the
< SRreiePpoGhl: i fA0mREith Bk BRne AR Bl ihe decomposition or
apgradutiontemperituse gfahd membaahe 2pPP1 i cation. I n an

enbodi nent, the sacrificial polyner used to produce
the sadbs faceifigial pelymer ean inglyes camapeupds siich st pot liyited to,

S 0 )
ot SRR Bt B £t s HofRUES, RSl Btz Bifounds of
wWedchi ind deentsnations tatrgvd. Tht polyadrbornkie ehdhélude) but iB@ot limited
decopposition of the sacrificial polﬁper produces gas

) @kEPYsubsted BAROEIFNE & Pefirtat Y eitdoneeBeehe The

F g helal Lt
MRS 0 BhcPOHEPT oA SOBRRL B
t earbenant, pobyetifylenb eantondie,qrotyc¥dohekiere sabondté, @hdcombinations
pglyngr can include conmpounds such as, but not |imted

t 8'°19961 ynor bor nenes, pol ycar bonat es, pol yet hers,

Cormbl m P AR o tha

balterithe protessatniityed the sacrificial polymer (e.g., increase or decrease the
stability of the sacrificial polymer to thermal and/or light radiation). In this regard, the
components can include, but are not limited to, photoinitiators and photoacid
initiators.

The sacrificial polymer can be deposited onto the substrate using techniques

such as, for example, spin coating, doctor-blading, sputtering, lamination, screen or
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to, al kenyl -substituted norbornene (e.g.,
cycl o-acryl ate norbonene). The pol ycarbonate can

wo pmbodae3 but is not [imted to, norbornene capdnDUs1005/023746
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pol ypropyl ene carbonate, polyethyl ene carbonate,

pol ycycl ohexene carbgnate, and conbi nati ons thereof.

hbteagibprntEg, meHdispspying.icyanoratios) CEY, I\é@ﬁ\%@pé(eéplasma-based

g%k%hﬁg§¥m&9gponents that alter the processability of
sacrificral polynmer (e.g., increase or decrease

the st@hé thehyalafecmhﬁosit&m offth€saztifipial potemert cantueqfenfahned by
and/or light radiation). In this regard, th

c BeAYHE éhthe d@anp%qlqu@mpB@turaP%thﬁ secrifical peb/ntees and holding at that
ggsgﬁrp% %I%a?}é) %fﬂpgmgggﬁ(gc?@ dgepo %) rg} Of ereaﬂ%? the decomposmon

s phghétadiffise w}ngug}emh mamuﬁsnészmbaxaﬁg a fvmfuaﬂy agvpdue - fréeftollow
coati ng, doctor-bladﬁw% Sfutterlng, | am nati on,
s etFusaiHe gehanesle B, 9eb mel t di spensing

evapor pid ofp 1 A MR, fga%éﬁ?o@hmlgg 3 BRMRane 28, o substrate 22,

deposi ti on systens. deconposition o

S ag anddecuabntpollydter 24; arcathed@arﬁdmt osltbctoy 26 eafitsn goﬂoﬁs t::hﬁlyst
deconposition _tenperature of the sacrificial poly

akyenifags pegond catalyst laysrddb.at Gatadyst dyerddh apd éhr?P @haweels 32a, 32b,
pgﬁd % (ﬁ}e%emﬂraﬁe 59?51‘?12]1‘1[: EQ ﬁ’{e%?%l% ghelﬁfcpﬁ omrpé)n;(t)loghdlmfgsmns

deconposition produc use

| e ehagaceristicd, laﬁtHaydéseﬁdebr fricamrdnel 1|2Qwsc$ﬂlfed @bowesin reference to
(channel s 32a, 32h, and 32c). FIG 3B.illustrates a
mF G.d fIhéa thlemss ob HheHRembrane2ispsagred Sigm the domet thg phannels

ccurrent coll ector 24, a cathode current
FT ? ,'a first porous catalyst |ayer 1l4a, a
secondThakwsitate 22athe randdd)curancmlk&btxbs 24,|thy eathed®, cuarent collector
three channel s 32a, 32b, and 32c. The nenbrane 28 can

i 361 theiBirst perous palypdayes dfa.dbmsssand %eﬂyst cavee bk, 9nd thedhgge
gglzegnrﬁl‘e‘lb %gb S5‘t2'bc§‘nd R z{r? ﬁhlﬁ?ﬁﬁhb&%ﬁérﬁkd Eﬁﬁ@é ﬁ'il}gfe&e%ce to FIG.

‘above 1n reference to thi ckness
oBAt he nenbrane 28 is neasured fromthe top of the

channel.s 32 32b, and_ 32c. The su stra e 2 :
anode 4l F faale/stdayqrégtlwlswed phEhesHPHER %mtﬁg\ﬁach of the

C %An?lg 53a 208, 3d 18 %ﬁ(@ﬁ&%ﬁ)oﬁﬁﬁé}h “hé cét ?trlayle‘} 2D) Gg%rg Be

secon cat’al yst layer t’hree anne S
3dBposaddn BAc than allif thd chandebs, twhichas detsnnmbda ty dtzaurere-fuel cell

ref ence to FIG__3A e. cat | ayer 43 is
o depiped s%sﬁar%f%lw ‘% &yaﬂtbﬁ EPpSdpyer Recan be a large
lafeaddRr. B8O catdst lg’y?e? 43 bih &Vet R TenBFRURT i SEOE the blttrate

cata yst layer 42 can
that would otherwise be exposed to the fuel in the channels 32a, 32b, and 32c, or

cover a smaller area, as determined by the configuration desired. The catalyst layer 43
can include catalyst such as, but not limited to, platinum, platinum/ruthenium, nickel,
palladium, alloys of each, and combinations thereof.

FIG. 3C illustrates a micro-fuel cell 20c having a membrane 28, a substrate 22,
an anode current collector 24, a cathode current collector 26, a second catalyst layer
14b, a catalyst layer 43, and three channels 32a, 32b, and 32c. The membrane 28 can
include the same chemical composition, dimensions, and characteristics, as that
described for membrane 12 described above in reference to FIG. 1. The thickness of

the membrane 28 is measured from the top of the channels 32a, 32b, and 32c.
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di sposed in |less than all of the channels, which is
determ ned by the mcro-fuel cell configuration

waole®snedos The catal yst | ayer 43 can be a por ouBCt/Ey®N5/023746
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or can be a large surface area |l ayer. The catal yst
| ayer 43 can cover the entire portion of the substrate

that whhe snbstraterdi Y apedesupsnteeelieeior B ﬂf*%‘éﬁlth‘?d? cufrgnt collector
CE@EH? Le%og’(?@aéalégtq%)ﬁ?ﬁ] ﬁ Catzﬂgit ?ag'\ég gSé tlh%? RhGfs 32a,

ermn e caonfigur

c a2 layé B2¢ ﬁyé%i’mﬂa'lr t6 &osk dedcried mahy&tfersmho FHGSBA and 3B.
not limted to, platinum platinunirutheni um ni ckel ,

pal | adMits eambagjmenss the suero-fuplrel 39p daes 1o frslidee fist porous
FL (rll:_"%l?lgiq e}L g,g%%e(/g{l g'?et a{@ltﬁ: gacftlldﬁ lanc? géc} v1t§%ﬁn BQ&eQ%d %y the

‘Codthlgsttiayer 23, a cat hode current coI | ector 26, a second

catal yst | ayer a_catalyst |ayer 43, and three -
c hanneFEG. 1““3@%‘35 %IH’diCTS‘fEel ceth 80%%9&?1 aepprang¢8, a substrate
I 0[S
281 Aol B ATE AP A RS b R0 0y
d ¢44; hisbehdabnst layer Bibeaentheeetcharre(s 324, 326)and B2€ kTigs s
of the menbrane 28 is neasured fromthe top of the
c ertvEng 2§xan inpye the samochenyieal sompesitigne dgmensiqis, adode

th,ﬁefr?‘ﬂéns@lgé l§ a‘PBe&fib Fﬁ?a il %%elzcdéﬁérﬂféﬁ aB?lzé Gt REence to

e second cafa e catalyst layer
4BIG.andl'eltRickinse f di’eaﬂmﬂ)mnéﬁl’ial,s cdbyred fidnithe tey ef the channels
simlar to those descri bed above in reference to FlGS.
322834034 326 t hi s enbodi ment, the micro-fuel cell 20c

does nefe Pﬁlgl-nléfi Elg?r 1d i %ﬁsgggyd%sthg fpldesde tfx@%@ﬁlbrang 28 opposite

however, catalytic reaction and activi
C rlaasnbslraloglzz hEhecsecahd/pdrolsoaealyst ZBa.yeIFMB anﬂl]he bdthxsder@mﬁt
a mcro-fuel cell 20Qd havinhg a_ nenbr

s Gpldactos 26 apdispgsed A e 0P, F‘:dé Rt th&mob&ftré%yezﬁ o thesidfopposite

CWBOhbGRs hector 26, a first catalyst layer 1l4a, a
seceonéc]{lcat a#yst | ayer 14b, and three channels 32a,

32b, affte Sistrafel2R, thenhodan@iriz8t adlecton24, uli@ca'tlmiemment collector
and ch cterlstlcs

28, e ERRBEIS1o8 1 e oLy csr MG A6 hamicts 322,
r 8heT2R088c b sﬁhﬁ%r tatho-ggﬁe Pb&:ﬁ&%@é 119?ef§r@§ce'¥8ﬁ(§§n§A gﬁ%m. It

i S measured fromthe top o e channel s 32a
32lmuldbengted thaea chtalyetrlaBs as desdiibabinddGEn3B khed 8Gpas beéncluded

of the nmepbrane 8 op 0Si ubstrate 22. The
sHEYhEM PR ERt S&‘H cyo; @‘Slrcelil?@lgaand t he cat hode

curr ent[hﬁgblly%f’ [%I'Slelzﬁi RIsBnitr IR AR W IndSye 98 d§§c‘i‘ﬁ>e@§n FIG. 2.

the poly | ayer 36 on the side opposite the nenbrane

28he polgnsu layer Ht eandagluddthe amoe polymerseas tdesopibed ot wifer@ake to FIG.

t ean%aa slg()lglgluﬁg trhreesgrtne %?rlnclanes%ng In addition, the dimensions are partially
limited to the overall dimensions of the micro-fuel cell 20d and the dimensions of the
membrane 28.

Now having described the structure 10 having micro-fuel cells 20a, 20b, 20c,
and 20d in general, the following describes exemplar embodiments for fabricating the
micro-fuel cell 20a, which could be extended to fabricate micro-fuel cells 20b, 20c,
and 20d. It should be noted that for clarity, some portions of the fabrication process
are not included in FIGS. 4A through 4H. As such, the following fabrication process

is not intended to be an exhaustive list that includes all steps required for fabricating
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26, the second catal yst |ayer 14b, first catal yst
| ayer 14a, and the three channels 32a, 32b, and 32c

war@®edi4and ar to those descri bed above i n ref er pCIyEsS1005/023746
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FIGS. 3A and 3B. It should be noted that a catal yst

| ayer as _described in FIGS. 3B and 3C can be |ncluded
i Hieanicenishieetta. dn addition. e fbaeationpapcesseis|flezible bepaese the

DRloH IR s LR 13 el Bt B bl AP Rl RN Lechn FiG.

describe ayer can

t ha thdagh PH| yneonte s@@sdﬁﬁﬂ)’d ﬂéﬂﬁn‘néﬁ §lﬁﬁ1ﬁﬁﬁl¢0§lyi o FIG 2,
and al so i nclude the sane di nensions. In addition, the

di mensFERS 44y Bregigh t‘%qlrr«yrqswqt@aalt\@ewm@abl\lfléﬁt&m a representative
dhﬁﬁ%ﬁ'o‘?%on% th::t%e %1%% Oﬁl%luc%ygbg Nousgl'%d‘rﬁpglé Iﬁ It gh%}ﬂd be

dimensi ons o avi ng descri

t heted thatl €5r¢lity, Qo \portihnelof tHe -fhbredati6® plosesd Qe nAQhkluded in
20c and 2Qd in general, the follow ng describes

eKIG 44y th@wad%em suchthe folipwing fabmgatenepragess i Hajéntended to

an%: %11(1) g’gﬁeft Pth%gg]bﬂldg%aﬁaﬁgﬁs&gg&édqf){ ﬁ%h ﬁ)éetge mlcr? fael cell

t bed. limﬂdmbarﬂhé Yabrization ocdss @ iexible beutaibei rpﬁcaiessmneps may be
process are not included in FIGS. 4A throu 4H.

As

s berfprmeg dn ﬁélffeéwt 9gder ;i theprdsnillysterted i F16 né{’* through 4H
| ud |l

?%pgﬂféqbﬁgﬂgnfyh_ H%ﬁﬁ%% gmh?%%uﬁpcrolpﬁer gZI? 20a.

I n addF1G.orA illusgattathe i Isﬁmnammwﬁg%l ansdd tuaxenb b(ﬁilector 24

because the process steps be perforned .in
drispsed erenna dHG ﬂ%ﬁn‘tsﬁéteé thecipratiana g warifiniaPnessrialdayer 42
gp{lm Ré%%% y r A L?kﬂ%ctgféj FHIRerificial polymer layer 22

C caslse depositcdratto meewssntateato llldlﬂgJISﬂ’[IﬁdllES aua‘reqsr fos erimpley®in
met hod of fabrjcating the m.cro-fuel cell 20a
i FPaiEer dack-blading, @puttsaing lamination gscrren of 1ACH-RERtiRg melt

(r:l g?f)éﬁs)ﬁgo g:g/gf M FV%%Q&? {:lar T fbﬁ&? ﬁéﬁ&élt‘?&h frﬁ?‘ 2n 2 dition, a

f elaklo®8 isglifped eratheaacrifiodad menz& layet 42 mtxemdeelpbmobsaoahe
exhauystive ljist that includes all steps required._f

 SasFHICH Matpriahlay e o 1g-cxprRie theqnods garrent ﬁolé‘zfé?rt%‘*o i IGt ﬁ%
f ﬂﬁfslr&t@g {h%'}elﬂf)@aﬁ?? Poft né l)fal)ﬁb g&?lfﬁla?a@ HABial B?erpéfj ﬁn sacrificial
med 1 n erent orde an t

steps nmay be per
opoions #44)44b andd4c.n FI GS.- 4A through 4H and/ or sone

I ot P o5 ihstasen B tamaton of Ryt st 19t L ek on the
CQAcIn?ina‘P oidndhEDA3E dd,ﬂ%l gL EPhe ﬁ}:st &rgﬁgfdtél&é{sl Sl @ascaglr}?e

formatioh of the’sacrificla ayer
s filosted &y epli’tﬂermgdextaberaanmcﬁgrag'mg; pmntmgp Ichcanmairvazdr deposition and
sacrjficial polymer |layer 22 can be deposited onto the
sﬁ%@%?%?@“f@g'%gng t echni ques such as, for exanpl e,

Spi N coft i AGiueRatOhe RAMBE of ﬁl@ %éﬂrhﬁ@layér@@ ditht Bbrous

screen or stencl prlntlng, nel
catalyst layer 14a, the sacrificial portions 44a 44b, and 44c, and the anode current

collectors 24. The membrane can be formed using methods such as, but not limited
to, spin-coating, plasma enhanced chemical vapor deposition (PECVD), chemical
vapor depositioh, sputtering, evaporation, laser ablation deposition, and combinations
thereof. The temperature at which the membrane 28 is formed should be from about

25 to 400°C, about 50 to 200°C, or about 100 to 150°C. It should be noted that
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di spensi ng, CVD, MOCVD, and/or plasnma-based deposition
systens. In addition, a mask 38 is di sposed on the

w@e ameioi{4403 al material |ayer 42 to renove portiPOEUSI005/023746
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the sacrificial material layer 42 to expose the anode
current collector 24. FIG 4C illustrates the renoval
ofensraturg s lifted fethe sangeft whigh thesether materigly ave stable 6.2,
f {Q| al.QQrtions 44a, 44b, and 44c. FIG 4D
|ﬁ1€ us %glglke)élt er?tg%:)r'ati on of the first porous catalyst

| ayer FIG amilludieatssahs 'refnwaad)fta@ﬁatchﬁeﬁl Pértiondt4dn, 485 Gnd 44c to
The first porous cat al 35/ 14a can be for
v

bff’cr'@pfb? Fannglg 328\32Bornst 328, hﬁﬁm i) PoRiang fmd4d, and 44‘3I can be
R PR A RRS R o YA0L PP 05, LIS aciin,

ormation
| paerha 28postrel ed mﬁmﬁﬂldhatlfﬂre}tﬁ't ItlsAyeld bt 4atedith® the sacrificial
sacrificial portions 44a, 44 and 44c, and the anode

cRPTignt 44 AR @nd Adc gan bertﬁewﬁé%tr% Eerentstereiny the fabwication
SBfo@st praasalele ﬁﬂgfqﬁg st@ﬁ‘ 111‘.{%&5’[@5‘ 8{ F G 'TGI &r%’IG. 4H.

I n-coat | I Ng ance em C vapor

deposi FIG)MC{ iPlﬁGﬁ/ﬂks the fexmatiah of thieGecohdposdusicanlyst layer 14b on the
sputtering, oration, laser ablation deposition

S PRITIG 1A POTHOT IR, (i 280 4c. TRle JesPRERQIPY eatalystiayier it ona be

8583 T O R B Pupon

sbambidathensnisdresf. t hat t enperature is limted to the
range at _which the other materials are stable ,
%@onthe

dec oan%G t‘ﬁfbﬂlwéﬁﬁ%%tfmwn pf e cathode pyrsent a?lé@tqr

i or;a&e S egflgggl?dtggg{[ %%#a Tﬁgb and 44c

sacri f As inadntipned abons, step cahidle, adaedjbdwreemthe steps rllaemate@lin
USIQ§9 thern% deconposition, m.crowave i rradl at i

ubk wa?alri&m%ﬁnerdwg Aeshovpda e, 2 apdiFIG. 3D, and the
C Qémh(??&ﬂoﬁf]@atﬁlpﬁrl and fhe%ﬁ@ghgcd}%np 951Fegtotr IE%% bd H)“?‘med 8n the

sacriftcia 443 44c can renove
apolgmer fafer é[me r&l}embrllﬁyet ban Beeformedby methpdonehss, it abt limited
as after the step illustrated in FIG 4G and/or FIG

214, SPiP €0atifg: Apqtoiblading P Tgo |4RIPFIAR. SATCATH Y Sk@Ethmginting, melt

p@i;s’ﬁéfﬁu%at@lﬂ’ MOLIN S an giﬁsﬂg £864itidd %’s&lmspi ﬁévﬂges the step

and 44c. The Secon porogs cat al yst lay
1dbadiang the fifrss poeoohs logtalyptinyerrldagan lmmpmream €orm the micro-fuel cell

PSPl Ml 38, oS Ao ans Sabatvse Fvbr S brBGS 3B and 30) can
86 BRLA28 0Lk o BRHAER A FRmaRLATHRL: 20 on the

second porous cat layer™ 14b an menbr ane 28.
As nentioned above, a step can be added between the

Sﬁ:&ﬁ_ illustrated in

In another embodiment, a fuel cell can include a fuel cell membrane including
a high-surface area catalyst layer. The catalyst layer is multi-layered in that the
catalyst layer includes a plurality of catalyst layers. The catalyst layers are at different
depths and enhance the surface area upon which a fuel can contact.

FIG. 5 illustrates a cross-sectional view of a representative fuel cell membrane
100a. The fuel cell membrane 100a includes a membrane 102 (or membrane layers)
and a catalyst layer 104a and 104b disposed on each side of the membrane 102. As
depicted in FIG. S, a fuel (e.g., H,, methanol, formic acid, ethylene glycol, ethanol,
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FIGS. 4F and 4G to add a polyner |ayer as shown in
FIG 2 and FIG 3D, and the second porous catal yst

wo ayen14anxl t he cat hode current coll ector can bect/osrmesi23746
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on the polyner |ayer. The polyner |ayer can be forned

by met hods such as, but not limted to, spin coating,
daed enminations gheregsl e spntagied wathiongsideef thedpeleell grembrane 100a

r
o[ Rahid Dbk ofThy InchbBRER RO Wow i Y R oo gp the
adﬁbdsge bide of thestielen ﬂl&n&ﬁieaﬂ & (e QW€ thelchthodaBide ®f the
omtted to formthe mcro-fuel cell 20c illustrated in

Fmembmane (pof shEWnDi on, the catal yst layer 34 (for FIGS.

3B andTﬁ%:#eﬁl%?ar{_Eel 065§ %Sﬁd@ba?e?ﬂ% S?JE}? ’BH{?& Iited to, organic

form ng rane aer

eshnlit i atetialk 4ad 1rﬁﬁédnldldﬁldu¢tﬁiguﬂﬂeﬂal§ UBbr e@hple, the membrane
menbr ane i ncl udi ng1 a high-surface area catal yst |ayer.
ThDaapanglude matgeal sugh mbtlﬁ nqt dipreted do.i silicoRakioxife doped silicon
Caltoﬁl&éséllll%cﬁyrﬁ{ denc%s‘#:g%ﬁlcgn thﬁé‘lsilth gg(}ﬁfﬂcﬁl . ed silicon

i "ayers arf¥erent ths

am@lyrﬁmihametat ds»adést(efgactmrﬂurﬁ axidepmnphiercoxide)f metal ﬂﬂﬁdes (eg.,
contact. FIG 5 illustrates a cross-sectional view of

atifaepyesindel dapsd mestl oxisies, mekPapEridedes . tirniym exynitride),
Cﬁ%r $iit r&}ﬁ 1t&§)& nlrtgx?aﬁlloﬂs raff %1% tﬂé me]}fE)ane 100a

ers cat a ayer a ’and

despiesdped melarbbus@ d@o m%tolﬁdop&hﬂbf tae enehibzaneAmdddputal. et 5%
in FIG 5, a fuel ﬁ H2, nethanol, form c acid,
e?ﬁ‘}/‘?@ﬁb‘“dh?%mb“’é‘@ﬂg dl , and conbi nations thereof) are

cont a"‘rﬁé]I d%édrhl%g d?d)ﬁ 8 Mlﬁ dd Bﬁ ;ﬁgnfém{[?ﬂbf @ﬁ&\ﬁﬁ%&s

(e.q. e "anode side of
\th)]ieﬁl sﬂldonlcﬁomdm Ibatdnei?bpech sitiben dlppﬂe; a‘lﬁnﬁludﬁd(qfedtsﬂﬁon dioxide,
f uel ceII menbr ane 100a gﬁt on the cat hode side of

él

t A eélrﬁéhczoﬁ&lmg%msi yom onsriberadie 1t gererelathe doping
' Qﬁégsdﬁoﬁ% S%Eﬂeq{e?ec géM B M Ra bl aﬁg d§s@ort He9A0ESso that

conducting materi a s and i norganic con
nptoesrisaias be Eanspenadlmiemthmhgl NEndarasmt ihﬂﬂxapmgmn becfratd®.1 to
mat eri al suc limted to, s cont(gjlﬁ(fmde

da%d’yswglw? dapig .na@err@r%nre d8fe. 3 o l&e& st of dopaphin
[g}b‘i’OXI gﬂd 3 &%A%Xv%%}{t o@ﬁ?ﬁaggﬁﬁqe,ﬁb}ahg QBoLXYNi tri de,

ani u tungst en oxi de),
rret al mhe medﬂnsar(eelog has & nltleimessnfrlesmhaieaboudb(bmbmmbafs (um),
oxi de nltrlde_? tit nlumox&ntrlde

dam%@étta|18w§)é¥9w 1Y) aésld Q%%B.Sﬁat i JA<bOHE? Kbf 1m, gbout 5
gw ?&g@ 1%%@%0%9@@ nﬁﬁ g%guw bR fmqén%aq df the
to /o 0 Y0

opant 1n the rre out 0.1
ofneddxn:arethIZrcan be ﬁnfanthoan@OQDﬁao l'Obem ,Gop ¢l width carbe from about
ghg@bde A nft shlouqd bg lfllgted that Ohe lengt ancij w1(ﬂh are dependent on the

application and can be adjusted accordingly.

The membrane 102 has lan area resistivity of about 0.1 to 1000 ohms cm?,
about 0.1 to 100 ohms cmz, about 0.1 to 10 ohms cmz, about 1 to 100 ohms cmz, and
about 1 to 10 ohms cm®. The area resistivity is defined as the resistivity across the
area of the membrane 102 exposed to the fuel (e.g., resistance times area or resistivity
times thickness).

The membrane 102 can be formed using methods such as, but not lirnited to,

spin-coating, plasma enhanced chemical vapor deposition (PECVD), screen printing,
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doped silicon dioxide, boron doped silicon dioxide,
al um num doped silicon dioxide, arsenic doped silicon

waoleaxidges and conbi nations thereof. | n general PC1/182005/023746
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dopi ng causes atomi c scal e defects such as MOH (Mis
a nmetal) and distort the lattice so that protons can
béoctterabiémg,tswytcn@m@, Folisu gpRtinEhcRsBATFO1EIS, dRcbFeTabipations
gﬁL§?n1O 1 to 20% by wei ght of dopant in menbrane

0.5 to 10% by wei ght of dopant in nmenbrane, and

2 to S5Yhdmendigiat] 02fcotiamrFirthdt PP@&%&B pb&QivpinERocedures.
menbrane 102 has_a thickness of |ess than about 10

il B¢ derantsrcan bgdjffusgd orimpamed ingo thg membrarg 142 19 incregse the ionic

n%nd%gt?\lfit y. gl'h% c{oga%ts o in@@t ¢ tbug a.llgecf}o?h%d %J%Hé)rrll Oantdgy o§phorous

1E83h dopast daﬁm;@tlﬁmolfdumlyedmmﬁéanmetha henbadhelfRonh b OlquialstYtom a

O 001 mto 100 m and the width can be from about 1 mm
splidoroorasner 9an be heuineplaredhutingla hightvoltpge ios degeteratael The

W'aj 1dy f@\a% éijﬁg \glg%%f’ang Q;T.{l] Bg 1n%ge%|sédcl§; dfggm gf 5§88 ¢ l%Smpounds

accor as ahn area

I @5g. Séardaxtylic @éldﬁbﬁ e @rrh off Acetid A0idainatriflildtacetid Abid) @ndlinorganic
to 100 ohns cn?, about 0.1 to 10 ohns cnP, about 1 to

1680d5pH1e8 ag pbospheric atéand sulfugic poidy Hiie therpembmaae 202
7 ob o 5 R R A DSl 8| B B35 ot i

I &5 pRtiamnepliinis/rathedum nickel| sdlladiuin, atloysast cath, @@ esmpinations
The nenbrane 102 can be_ fornmed using nethods such as,

bmerq%t In geaprabdn pBe capedimenta plaNum Fafalyst 18 Hsrsilaan the fuel is
‘fcﬁ{)g&l an QH?}} rtH%%%gﬂlotdhﬂéht QP%WQ)H/IE\:?%B&%Q c?t'fllé/st 1s used when the

coa

C asl isﬁgethmiﬂll Thelcatslgsttlayreg | O@mildCl@ﬂb icainchids thdwanRaftalyst or a
The nmenbrane 102 coul d be further processed by

pégffer% ptAysty ridecatabistlayarHO4a and H4D s fypigsdly @iroreusedtabyst layer
| il bi&h?%&%s HEH(P%h%H@g&% @alga%gegsﬁl Jdaﬁldnoﬁ{e?e is an

conduct | dopa

| Elttiieallyt mndbamrpamtwamthh oate)ltyst laﬁaaﬁd dﬁpﬁiﬁde @ﬁrfenbeollector.
individually diffused into nbrane froma |iqujd
oin gnSTAl ahf*s@qt@lusté@@r d@da apd tbwt%st 1aer 104D ap fermeddring

ergéht YRhhidd E%%gh@oiw Qﬂé’&’ﬁélg%{'l%lr g{)%b could

nenbrang can e | rease usi on

C dm:latl taa teecatalyst taeb D0dal schlﬁtbredSteéhrnqﬁdse:aﬁ be edf to apply each
acetic acid and trifluoracetic acid) and inorganic
al®8s such as phosphoric acid and sulfuric acid) into

the megfL an ?lth§rer 164 g@élﬁf@é al eﬂYa?ier: ia%élf}%%gftg(]: Qé‘tglygta(@atalyst

include a ca t suc

plagtisri0dAy’ ol d0dai)ahd tHehrahbrane miatekiel (thepsahleadiaudifferent material),

aIIo of eﬁlq( and conbi nat i ons )
wh1c bullds a thicker catalyst layer 104a. In another embodiment, the membrane
material is a different type of material as the membrane, and the result is a composite
membrane.

For example, two or more layers of catalyst can be fabricated (two layers are
depicted in FIG. 5, catalyst layers 104a’ and 104a”), where one of the layers is on the
surface, while the other layer(s) is embedded in the membrane material. As discussed
in more detail below, the plurality of catalyst layers can be formed by applying a
catalyst layer (catalyst layer 104a”) on a layer of membrane material, applying a thin

layer (e.g., about 10 to 100 A) of membrane material on the catalyst layer, and then
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thereof. In general, in one enbodi nent a platinum
catal yst is used when the fuel is hydrogen and in

wan@blenoenbodi ment a pl ati nuni rut heni um cat al pSL/UB®05/023746
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used when the fuel is nmethanol. The catal yst |ayer
104a and 104b can include the sane cata

: lyst or a _
diFEpeseanptheneaialystdayer(ratabyst leysrsiOdpafes. 1%% 184 199A) This

. . | a .
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e nenbrane nm
Otayer ghrédse rEethigingiefacahjea wilhalibw Rhigioatesoftdxidakion of the fuel. A

‘catal yst layer 104a.. I n another enbodi ment, the

BiFirAle GREeEangs t bigher lacmcabrireny gd RV staladdition, g more
t B&c@&%éfgl%i {e?%%oo?l@&tfa?&]%éohscaﬂ pEQERES 3%?“@5; ThieAR Shere a

For exanp nore layers o
f adricentadtedifuet yurhlaaWeeGH aarebelaged cd kighérreldckiizal burrent and power
catal yst layers 104a’ and 104a"), where one_of

) t he
| s3rehesganeratsd relabive tr fugkeells wring an ppcongeriiated fighli.es ) M MeOH).
nbedded, I1al | y
or e, Aot BT ol O hagT R o ogp 6 PP pPE fbihess of s
ctnanlig, imurbd1 by 16Q phy abant 8. 1ctatSginsdndl abyetr 0.8 el @y SThe
04a" | ayer of nenbrane materi al

Re o M{/é@‘*a? ang 1048 53 Saclhave o feiness gf b9k Pas0 Kng

. h . ¢
"B 59k 850 A SHERKELIS! of ALl BRI SRO8E b
abyert cahGetabodtO® t8)100 Bhi s process can be repeated as

determ ned for partjcul ar application. The thickness
of eachS&MnLP ahoé(&él"e Ewﬁufteﬁén el heéapends nuparh ophgcatalyst

AVEE b1y SRR 308, TR ﬁrén?dodﬁﬂéhﬁgﬁe K Lgﬁn@ﬁldg,%% (A Bthited

I
for a particular application. e actu or effective
sto, hzoxceatratad MeH (be., calcentratdas doynpdred tdiMeDOHwsed in fuel cell,

observed cur s.obtained for a nulti-layered .
oA %g‘,’owﬂffﬂé%ﬁr e COMERAAT P iR MeOl Hﬁf/@q bgyused is about
caf bl SMABLRAUNE, fotf Sl SvbuPbM a¥&E IVE ABoht BN OitBut 614,

oxi dation-rate of the fuel. This Is advantageous
b etwant $@M;, abad i 1 Mh@nd alseent il 2. dnadiditiontthd ymtcehtoaminrg tleerddeOH

keep the catal yst er. porous. The hi surface area
Wb abactiakgte | el S G azRbaoon We s | 4l ookt S o
hi Se ibdu bRI OOV SBBRAAV 16 19 AsJut SMEGL MV BlboiNIGS 1 2M,
and power. In addition, a nore

about 10M to 12M, and about 11M to 12M.

Typical proton exchange membrane fuel cells using MeOH need a large
amount of water because highly-hydrated protons are transplanted across the polymer
membrane through relatively large channels in the polymer membrane (e.g.,
Nafion™). Without the water (8 to 12 water molecules per proton), transport is

suppressed. In contrast, embodiments of the present disclosure can use relatively

higher concentrations of MeOH because the membrane 102 has a low molecular
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concentrated fuel (e.g., concentrated MeOH can be
used). In enbodi nents where a concentrated fuel such

w@okbCHoxzan be used, a higher electrical curret/usawds/023746
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power can be generated rel ative to fuel cells usi ng an

unconcentrated fuel (i.e. MeOH). In general, th 3
cmrmey Bility. Jpap exbodingng th@mn@amh@/acfﬁhmwwbaan@ﬂpé kﬁ@@yt 10°
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A and about 50 to 150 A The thickness of the menbrane

nar dhg thickpess gargepfites Meshrana dp2 netgdabevsen be about 10

to 100 i.0 t he -] |
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| 296y, TiH4ael dell raeinlaﬁmmomﬁﬁéluddsm&ommhlt@merdbmle ude and a

but is not |imted to, a concentrated MeOH (

ceptelariaver dBtaandciipa Tbe compaiernenatyang H% laellud%seqwo membrane

¢ RyF 102 2R 24 oMb ilr 1 6 R AR ol ey e Y
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about 10OM about 11 M. and about 12M hi addjtion, the
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ggﬂgg{b %’KMAI }%ri% Tg‘gou#b% % %% rgdaoﬁ%at@%ttlgy%éwa and 104b

abeuimidav tb thoke Mbscabediin réfekdrice tolPIG. Sarinl addicioi, thd Met eell

12M Typi cal proton exchang}c}a menbrane fuyel cells usi ng
VECRbFE d 09b pRergles dhe RN thatas \Be syae gugmilar to, that described
hijgley- hydrated protons are transplanted across the

po yner menbrane through relatively | arge channels in

t he poAytheughhthareattear(cdayer 1 0Nafid polfing) layerWOGpeisephitae: layers,
water (8 to 12 water nol ecul es_per proton), transport :
i they bpihrepstateias 3 Hekeglt ma@l)ran%n%gw%mp%ﬂqpfof}m@e&@éém ionic

g/g@ifugﬁﬁgﬁ gfeé"l‘?Eog%ef si@%a'n&:e b%ec%éalgéhg Str %%ﬂ?,%ﬂ& ki llil&r)1 of ﬁ’ife dual-

rane 1
rrbiyelcmbmbmee lm@kblelsupqnor imnscmne @stancts mlmmtelthbhhyer individually. For
of nmbr ane 2|s ab 0 8to 10

g%}e@ rr%lﬂner ?fult 0 fpRycrdd 3 8’6‘0%.‘ i lga BYPport angtability

1 39 ntcPabtShelidvdd/169F s* Torr, about 10 " to 10 14
g cm*seTorr % gTJut 10" 12 to 10' 14 g/cn¥s*Torr, for

the t hhr:zkhﬂﬁsm ira¢rgkodifenth evheerthe arembifie layer 4602 &mdlicen dioxide,
FIG 6 il]ustr,. tes across ectjonal vjewof a .
r 8t 'é’é@ﬁf‘Ja‘F Syt %‘éf heaher Tasulales hEE oeRd o FhTicelsdhe deyige, for

gg:ttﬂg{yst QR hREIHARS 03p KOBOSh gzﬁﬁwnaﬂ&oﬂé@qun Qddition,

ayer 104a an ( The conposite nenbrane
168 mmlbmdehyew\kmmanbe arde ofgthesmaeHala s dd@aibédaioyain
I aey 106) . I.n anot her enbodi ment, the fuel cell
ference to membrane layer 12.

The polymer layer 106 is similar (e.g., materials, dimensions, characteristics,
and properties) to the polymer layer 16 described above. The catalyst layer 104a and
104b are similar to those described above in reference to FIG. 5.

FIGS. 7A through 7C illustrate four embodiments of micro-fuel cells 120a,
120b, and 120c. FIG. 7A illustrates a micro-fuel cell 120a having a membrane 128, a
substrate 122, an anode current collector 124, a cathode current collector 126, a first

porous catalyst layer 104a, a second catalyst layer 104b, and three hollow channels

132a, 132b, and 132c. The membrane 128 can include the same chemical
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menbrane 100b can include three or nore | ayers. One
catal yst layer 104a is disposed on the polyner |ayer

wa0@e/omand e t he second catal yst |ayer 104b is PEEpS®Es023746
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on the menbrane | ayer 102. The nenbrane | ayer 102 and
the catalyst |ayers 104a and 104b are simlar to those
deBpPIsHE, Ainensionp.cid ehargctrrigics ;s thay dasfmb@qi &1, merpkrane 102
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to fabricate the device, for exanple, when the
e lmmmr@ua%ethﬁr semigonsugios BRI SAdia gpEpounds, and

g(?‘hﬁlh nSRﬁ& SC ik %{150111 zﬁ)(ee srubgtgzﬁe (f C&ein%?g 1'181{ n%%llggtliductor

eria S as dbove 1n re erence

| substratd 2natcriuts, podlyding ardyadielectdio enateriasb,imathiae. £ cépper and
mat eri al s, dlnen3|ons characteristics, and
p?]é’}fi’é‘FLtr‘i‘)e 9Y CeTRMICA AT PrgRYiTERaterialefound injpranted Wiringhnsds, for

e S erb ¢ he bR £22' M udtide et bgppRAR, such

t by the ghmﬁmar tompdneatsaisédin cettainasistenn issceibedratve- f uel
cells 120a, 120b, and 120c. FIG 7A illustrates a
m cr o- Thefirst Equuag%lmdweﬁ 4042 indirppssdenthbgbotipom side of the

SRk tioked 1o AB SANAAR 1991 TRRLR !p&t%‘ilg’ ackiogr lafer r1pds

current collector oro

| digposed 04 dhe tapsmmfdhmémbmé 12&ye the]sﬁlﬁhppaﬁlté tbhheeﬁlbstrate
hg%io channel s 132a, .132b, and 132c. The nenbrane 128
ryigao-fued celk hefadnelndes a firstpnsens Gatayst invee H4agnd a second

SRS 1A 85, ADEVALEEST B, ARG W
t bircdnnesiectir 12Hendrértzathode hiddent solheeas L6 defpeotivdlie Thofrst

of the channel s _132a, 132b, nd 132c.. The substrate
12%%%1??“2@“&%)’@8 194¢ wgé%mco perouscatalyst 13yst 194bgandpelude the

U Qrmd a1 Més%q{els&gieﬁsdbm';@ Qﬁ@%g&hg}e(\thgga\fﬁézﬁ% ess an

sensors,” anal ytica evi ces conbi nat1 ons thereof.
Tﬁmactdrisecsadihbseadeecrillﬁﬂ abawve. be nade of materials

appr Opjihé:l ztmeode current collector 124 collects electrons through the first porous
catalyst layer 104a. The anode current collector 124 can include, but is not limited to,
platinum, gold, silver, palladium, aluminum, nickel, carbon, alloys of each, and
combinations thereof. |
' The cathode current collector 126 collects electrons. The cathode current
collector 126 can include, but is not limited to, platinum, gold, silver, palladium,
aluminum, nickel, carbon, alloys of each, and combinations thereof. In another

embodiment, the positions of the anode current collector 124 and the cathode current

collector 126 could be switched.
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for the system under consideration (e.g., for printed
W ring board, epoxy boards can be used). Exenpl ar

wodoeniabhs i ncl ude, but are not limted to, gl PCSHES2005/023746
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silicon, silicon conpounds, germani um germnmani um

conmpounds, gallium gallium conpounds, indium indium
conpoun 88 yarRusapodssreghenlleciors higandithg cathgde/cyrrent collector 126
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AEHREA BB 18 chilfhcRT M TPl d Wircith of BcfHand i s fowed
Theo therchnmeds andsinteadced il thedirgrpoididaamhdt lager 194a dmna manner as
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eklkeinelsri824, HB32bigind t1B2c, fout Htelqeaicailg comtealed 36 tHegyoedus catalyst
104a._ The anode current collector 124 can include, but

i @YAbt0%i mited to, platinum gold, silver, palladium

al um ngm, &hﬁ&ﬁllnentg e*?:ﬁlq_ﬁnéle?sl ll?%)f S139b, SRCM2C E31Fl=1dﬁ'orrned by the

conbi nati ons thereor. cat’hode current collector
12neval (eex tdscahmositionh sf a Fdeea ficat pagmeciayerdidm da drecinovhich the

AR5 9552 e St P s o
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1 PavEcH Ay SRR (B BRI o) HOLID S, 95656 TeB Ve forming the

eLREhERNBSAI1BYL CRAANBSE. Efhd Bros&tdsadr E?B@'ahﬂe oving the
dses ré)g e’ g., tnl]']e

dependi ng on the configuration [
wsacrifigiat polyohebarefdissnssad avmotendetal peinaftérn seri es) or

o RO gl 8l el S0 B k185, 152,
and 132c, the three-dimensional boundaries of the channels can have cross-sectional
areas such as, but not limited to, rectangular cross-sections, non-rectangular cross-
sections, polygonal cross-sections, asymmetrical cross-sections, curved cross sections,
arcuate cross sections, tapered cross sections, cross sections corresponding to an
ellipse or segment thereof, cross sections corresponding to a parabola or segment
thereof, cross sections corresponding to a hyperbola or segment thereof, and
combinations thereof. For example, the three-dimehsional structures of the channels

can include, but are not limited to, rectangular structures, polygonal structures, non-
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electronically in series to formfuel cell stacks to
i ncrease the output voltage. |In another enbodi nent,

w0 bweoornect i ons can be made in parallel to i NECEESH05/023746

the output current at the rated voltage. The channel s
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channels. A fuel, (e.g., h%drog_en or nmethanol) is _
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e , o - . .
CHRPLR ol R oL koL 40551l s mot i
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tures,..non-square structures,
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COIb SRR PGy By feRe BtbEAALL, Q;%féw%lol%&%@%b&dﬁ?e[ 824 combinations
structures cofresponding't

thereof.

In addition, the sacrificial polymer can include additional components that
alter the processability of the sacrificial polymer (e.g., increase or decrease the
stability of the sacrificial polymer to thermal and/or light radiation). In this regard, the
components can include, but are not limited to, photoinitiators and photoacid

initiators.
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a parabola or segnment thereof, structures
corresponding to a hyperbola or segnent thereof, and

w@oenbiongabd ons thereof. I n addition, the channeb@r/UsI005/023746

10

15

20

25

30
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Oggr?ﬁ gtulga%o%%gitrgd? tﬁleucsé{aT t fa?grqglél%gg ge a porous layer or can be a large

surface area layer. The catalyst layer 134 can cover the entire portion of the substrate
that would otherwise be exposed to the fuel in the channels 132a, 132b, and 132c, or
cover a smaller area, as determined by the configuration desired. The Catalyst layer
134 can include catalyst such as, but not limited to, platinum, platinum/ruthenium,
nickel, palladium, alloys of each, and combinations thereof.

FIG. 7C illustrates a micro-fuel cell 120c having a membrane 128, a substrate
122, an anode current collector 124, a cathode current collector 126, a first catalyst

layer 104a, a second catalyst layer 104b, and three channels 132a, 132b, and 132c.
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flexible because the process steps may be performed in a different order than the order
illustrated in FIGS. 8A through 8F, or some steps may be performed simultaneously.

FIGS. 8A through 8F are cross-sectional views that illustrate a representative
method of fabricating the micro-fuel cell. It should be noted that for clarity, some
portions of the fabrication process are not included in FIGS. 8A through 8F.

FIG. 8A illustrates the substrate 122 having a sacrificial material layer 142
disposed on the substrate 122. The sacrificial polymer layer 122 can be deposited

onto the substrate 122 using techniques such as, for example, spin coating, doctor-
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first membrane layer 128a and the second membrane layer 128b form the membrane
layer.

FIG. 8F illustrates the removal of the sacrificial material 1ayér 142 to form the
channels 132. The sacrificial material layer 142 can be removed using thermal
décomposition, microwave irradiation, uv/visible irradiation, plasma exposure, and
combinations thereof. It should be noted that the sacrificial material layer 142 could

be removed at a different step in the fabrication process.
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temperature, plasma-enhanced chemical vapor deposition (PECVD) of silicon

dioxide. Fuel delivery channels were made through the use of a patterned sacrificial
polymer below the PEM and anode catalyst. Platinum-ruthenium catalyst was
deposited by DC sputtering. The resistivity of the oxide films was higher than
traditional polymer electrolyte membranes (e.g., Nafion™) but they were also much
thinner.

Experimental Method

| The design and fabrication of the micro-fuel cells is based on a technique of
using a sacrificial polymer to form the fuel delivery channels for the anode. This

sacrificial polymer, Unity 2000P (Promerus LLC, Brecksville, OH), was patterned by
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membrane to serve as both additional catalyst and for current collection. This
additional catalyst improved the performance of the microchannel fuel cells,
particularly when using acidic methanol.

Porous catalytic cathodes were also fabricated by sputtering of Pt or Pt/Ru on
the top, or outside, of the PEM. However, the cathodes on some samples were made
by painting a prepared catalyst ink containing carbon-supported Pt in Nafion™ on the
PEM, followed by coating with a porous gold current collector. This thick-film

approach increased the catalyst loading and performance on the cathode side of the
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sputtered catalyst layers were porosity and electrical conductivity. The catalyst layer
that contacts the membrane must be porous so that the protons generated during
oxidation can come in contact with the PEM and pass to the cathode. The electrons
generated at the anode catalyst need a path to the metal current collectors. Different
amounts of Pt were sputtered onto substrates containing two solid electrodes patterned
on opposite sides of an insulator. The sheet resistance of the Pt layers across the space
between the electrodes was measured. FIG. 10 shows the measured resistance

(Q/square) of sputtered Pt films as a function of thickness and the calculated values
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resistance leads to a decrease in cell voltage at higher current. The SiO, films used in

these devices were adequate to investigate the other parameters, such as the anode and
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PEM (e.g., Nafion(tm) due to the mechanica

pPefpRtAl| The m3m detrimenide performance at lower flow rates appears to be the

formation of carbon dioxide bubbles at the anode that must be pushed out of the
microchannels. With the current densities observed at 0.25 V vs. SCE (2 and 7
mA/cm? for 1 and 5 mL/hr, respectively), the production of gaseous CO; bubbles
cover catalyst sites and may also restrict the proton conductance through the fuel from
the bottom of the microchannels to the PEM.

Microfabricated full-cells were fabricated and tested with linear voltametry at
a scan rate of 1 mV/sec from the open-circuit potential. Table 1 of Example 1

compares the differences in process between five sets of cells that are presented here
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required in mcrofabricated fuel cells. Here, SIQ2 is
shown to work as a stand-al one nenbrane. SiQ2 filns
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cells with the thick-film cathode was a function of the anode composition. FIG. 15

" shows the polarization (top) and power (bottom) curves at ambient temperature, 40°C,
and 60°C for sample B. This sample had an anode and membrane similar to sample
A, but used the catalyst ink and porous gold current collector for the cathode.
Hydrogen with an inlet pressure of 1 psig was the fuel and the cathode was air-
breathing. The room-temperature polarization curve shows current densities very

similar to the hydrogen half-cell results from FIG. 11. The performance was
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made the sol ution conductive to protons. The higher
active surface area, due to the conductivity of the

wa@eiodioct4oet hanol sol ution, inproved the curreneCT/US2005/023746
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density. The Pt/Ru catalyst that was deposited on the
wal | s of the channel not in contact with the nenbrane
wa@rexlmaﬁebé ane erder el magnstugde greaignthan synpleet wathel peak power

R TN Y R R E T -,

onms e sattiple’p peEdtmante whbiEudiRg fhe PainkddBatdlyst thstead of the
performance at | ower flow rates appears to be the

fmu?@feidcﬂﬁt&bﬁté‘dhb@ﬁh@ﬁl%m de bubbles at the anode t hat

Ty onEhBtRefa i dsBindsife Mol BAPERHR pls Yol gouig be

MA¢Hi e d fa0Eletatad tbnipefdtirds., WaSts Pesltis pRldMded 1h|T@e1 cells, however, the
producti on of gaseous CO2 bubbl es cover catal yst sites

apide pithesd dayiges gmi tlvtamoruet frnowsn generted suesess that thaygrould not

mth omof.th roch nneI to.the
PR DI rofiS B oeg g Pt S oA RN Ruls” Rrated fue
t ediseduid 414 &de%@ﬂﬂé h‘é@t' rERARH MbnPthe @iro6id (orloMed eRbctrdnic devices)
mv/sec fromthe open-circuit potential. Table 1 of
Eﬂ@hﬁle}éa@%l‘rsaf es the differ ences in pr ocess between
Ejle\r/ne)nz }zro%l%m%rﬁls E(nsthe aa rl\g atng cgeﬂa%ed ﬁr etogl[ EICAY %ead to higher

C olitpdnits &id pziwerubﬁdin@f etan6®) ﬂerfréaﬁmrerwaq@pf&xed A@SEhigher
power devices. Table 1: Processing characteristics of
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c bateef 90k elertielytei qoulsk eadeppsitgd batwesu éwo catalypt depesitions because
it was deposited through PECVD. Sample D had the same 34 pg/cm? layer as C

deposited on the patterned sacrificial polymer, followed by a deposition of 400 A of
Si0,, and then an additional 8.5 pg/cm2 of catalyst, before the thicker SiO, PEM layer
was deposited. The second layer of sputtered Pt/Ru was embedded in SiO;, increasing
the catalyst/electrolyte contact area. With only 25% more Pt/Ru at the membrane, the
peak power density of sample D was over four times greater than sample C at room

temperature. This dramatic improvement in current and power density was due to the
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its area and catal yst activity. When using the painted
catal yst ink on top of the nenbrane, the full cell
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SewhLiREbRAY twi ce as

Micro-fuel cells utilizing sacrificial polymer-based microchannels and thin-

film SiO, membranes have been successfully fabricated and tested. Low-temperature
PECVD silicon dioxide shows promise for use in integrated thin-film devices.
Lowering the deposition temperature dramatically increased the conductivity of the
ﬁlms to an acceptable level for the current densities achieved with the fabricated

electrodes used in this study.
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much Pt/ Ru does not double the catalyst surface area
because the deposited islands are getting bigger,
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met hanol because the fuel solution can conduct
pTbe bigher conductivity of PSG, compared to pure SiO;, allows the membrane to be
thicker to increase the mechanical strength without sacrificing cell performance
through higher cell resistance.
30 It has been shown that the design and materials for the integrated glass-
membrane micro fuel cell are effective for either methanol or hydrogen fuels®”’

However, since the thin glass membrane is relatively brittle, defects and cracks can

form during the fuel cell fabrication process, resulting in high fuel crossover and low

36



VWil e the open-circuit potential is [ower than when
usi ng hydrogen, the peak current and power densities

wae®enouabs hi gher than the sane device w th hydroOes0a5023746

10

15

20

25

30

the fuel. The experinments have shown trends that are
belng used to further enhance the performance of
Hispeh hamierofabiqateddielsellndanapessidieanpsqach so prracoming this

Bg%&&ﬁ%lﬁfs JLs Qﬁmpﬂfﬂﬂogyﬂg_ér h?}g Estthy ?JH& (fq'er £

conductrve I ons Cro-

C ebrhposite inhéntbirmg: WA tief dlass 2Thp pleydipisitoafir the polymer layer are
m crochannels and thinfilm S O2 msrrbranes have been

s a@eg@bkmrwn capfuicH Wb reRr@neussivity >0Llo$4,cméﬂg@¢dame¢f@mcal

D 3o B4R RSB SR opd 885y opypion
t pmn@factcha@edﬁaﬁn’an@amm) fueLCéetiasealidnm (& pﬁﬂusﬁnated p(019tfner :
the filnms to an acceptable level for the current

dBHibisideghains I Bipaigc i Su Ricrpal) pelmsrisafisatsutiesthe BEM®
iR Jh@h%zﬁ%ﬁé‘%ﬁ BoRa: fds ?drﬁieéh%g&&?@%% asth’? ?ogr,;ngei‘?ﬁén%?cmssover

sirtion steps

nraires iaxd mddbstrmpemndg tedipeedt@es, Nudonm tsh;tllllnaCsfuﬁaBle @nembrane for use
cat al and nmenbranecat al yst contact ~area. Additiona

cHythe @M fusheellsbepyise phitg high emw GendNCH HEY, msehanghd seength,

[ 18-uc
DEndEA LB (0GR N Bl B 4 1y B
e smeplegearibger of Nafion™usdlymed Was dast (Qﬂﬁﬁ bﬁhlllcdﬁxalﬁiﬂide 02 PSG in the
descri bes sonme. enbodi ne uel cells an

t Wé?re@Pm#%ﬁ\eleEwTﬁa brLom Ao GHEhRG itheier ealioggth the

e

C KGR fte lorita RRARL SEB1ed Bink AGIREEPA mEh ) 38 Hepels.
P- doped Si2 as Proton Exchange Menbr ane for

M cro- Fuel Cells", Electrochemical &olid-State Letters

( SuprnRedly , whi ch is i ncorporated herein by

ref er epgRus éﬁhﬁ%ﬁg}?ggnﬁu ﬁ:ﬁfu é}g fifht Eé?v%:d 4V the Exl&gie catalyst

scope O ent disclosure

r mahﬂputter depbeteded th@sq@rlﬁvnaﬂpolmaﬁb}e]xﬁgpuﬂmmgé(CVC Products
condi ti ons and regul ts. Therefore, one skilled in t

aliC- Roghesteinl &)< L hnaversaecthickpgps ek this satalvit Jayer waszQd e
ﬁg%l Pl %‘?tﬁé gl céi’]gthh{ﬁ #Lﬁdé—'l%%re&%ﬂg ]plittgﬁzgt Bxprg&gtlonal tSOAof Pt

cat1ons

obr PiReu pracdeivisitel sftdr@asityethin (760 @)@MN D dapttidnustiglass was
cells, fuel delivery channels were made . through the

ué@)%ﬁedao‘ﬁaﬂteeﬁrﬁte@oéaea»talwtdmr Aoy w80 Artdrick Ifyer qf Bt or PURu
%@Wasgdegomgd ltﬁ?ﬁoﬂnﬁ%?&e%ﬁ&%&? ﬁg%%éﬁosfw%e membrane

ranes wer e ep03|te usi ng enpera
ptoaseme- teitth anadiiticnabedtaigdt aud parcutdtepasiiedtion. (REGADDOP(Promerus

Sitl(lcgpecgév?ffé C(i)eH) vlalst 1|1qs§(rl asptth/e I?gcrlc.%'lrc1a|i>tpoil\ykla‘ner to form the microchannel
structures.

Silicon dioxide or PSG was used as the encapsulating material and PEM. The
deposition of SiO; took place in a Plasma-Therm PECVD system (Plasma-Therm, St.
Petersburg, FL) at 100° C. The reactant gases were silane and nitrous oxide with a
N,0:SiH, ratio of 2.25 and operating pressure of 600 mTorr. Deposition times of 60-

75 minutes were used to produce film thicknesses, measured with an Alpha-Step

surface profilometer (KLA-Tencor, San Jose, CA), between 2.4 and 3.4 pm.
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25
microfabricated fuel cells with 3 pum single SiO; film and Nafion™/SiO, composite
film as the PEM. Humidified hydrogen with an inlet pressure of 1 psig served as the
fuel at the anode and oxygen from the air was reduced at the cathode. The
performance (open-circuit potential and current density) of the fuel cells were

30  improved dramatically by forming a composite membrane. For the composite PEM, a
thin SiO; glass film was used as the first layer and then coated with a layer of
Nafion™ cast from solution. The glass protected the sacrificial polymer from being

dissolved by the solvent used to cast the polymer layer during the micro fabrication
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Inc., Rochester, NY). The average thickness of this
catal yst layer was 200 A (34 ng/cnR) . For the fuel
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with single and dual-layer anode catalyst at room temperature. Humidified hydrogen
was supplied at a pressure of 1 psig. After depositing another 50 A of Pt, the total
anode catalyst was increased by 11 pg/cm’ and the performance increased
significantly. FIG. 24 shows the Nyquist diagrams for the Nafion™/SiO, fuel cells
with different anode catalyst loadings at the potential 0.45 V and room temperature. It
indicates that the R, for the fuel cell with dual-layer anode catalyst was smaller than

the sample with single layer anode catalyst. Since the remainder of the configuration,

such as membrane and cathode catalyst loading, were the same, the decrease in R, can
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rate for linear sweep voltammetry was 1 nV/s. The

wo eeguenasy range for the i npedance neasur enent PEESIDDMD3746

10

15

20

25

30

1Hz to 1.25 M1z, with an AC signal anplitude of 10 nV.
Hydr ogen was supplied with a pressurized tank of ultra
hp

Bly b aktribyted frde inmaease inthe gaadscatalyft nagdimga Thupshemuitylayer

hum di . . . | i .
DU b TR0 E AL 5, LM i
mehdaotiok sftel ®r tihellydeeehofidation.t fieadditive, thatcapaciseUhipgdance for
FIG 2 1 shows the room tenperature polarization and

pBkesell (xith/dual fayer apode eatallystiis oy thagdhat vth singlp {ayenanede

Sj i iy: L0 /'SiO 2 conmposite film
aga%lg[ [@E%ﬂ{ﬁuﬂﬁéﬂc??%q%%%&%%o%égh with an inlet pressure

of 1 pFiG 23eilseshods thd@irfedEindgfovied forarsatiay it N afXy SEB G (6 um)
fromthe air was reduced at the cathode. The

gé@fl_m&iﬁa REM @E‘bé‘ﬁﬂ davecanade satabyst i Hie mn@g@grcpevﬂ's _bettrlerl than that
5P b PSR S0 B R & AR bt o

rmng a co
Phighefprbfoinitofltetivitl 36 thefASIan mabaﬁﬁna%\bé}eieﬁéifysdnamed was
| ayer and fhen coated with a Iaﬁer of fion(tnm cast

f PShmW/ar’. obhe Pi{e mgmbsaneprastteickadharmtbe S#er mpinbranp and

p r, f.r. el [ I . sql t . used . tq. .
Cg}so%(,ﬁ{% gd%@]{%x%e rrrléli%g&;gglss{)ﬁ rg%ﬂ gv}kalglﬁélli])%vcerﬁ (r)l¥e?nr1)rane condualvny and

f algs Higakioauaased h%d}e%@i fesih tgC4RdE €athe cathode. Thus, all of the
characteristics of the fuel cells wth and w thout _
Négljopng repulsare hasegdoassliswith theValian YAiSEtcampasie membrane and
el,egt hen c i_jrpedance spectroscopy (EI'S) at room
tglﬁ%ééygfﬁfoe@etcglagsg& date the performance inprovenent

of therf@iels hivk shepdldiZalien EQVBOSKISE €, TBND! 7S, and¥O° C for the
Ny%ijl st diagrans at 0.45 V cell potential are shown in

Fre with an TiHet linziddied hydfogempresiaipe efskpsig.s€h¢ pérfarmance of the
cor,respands o the.total, charge transfer .resistance R .
(PHLRRRRRED siene st Roiet o) A QLT Fral i BE G FncReasing
WopdtafiteterPatandy Whh tihY ©@pbiaBitel @Rpped BRLES e BofNtemperature,
resi stance of the nenbrane 13 14 . The area resistance

othetapen-Siropt petantiad nesuingd thb 02 V| anl«;talse ﬁ@b@nilawfrformmcr.r@cpvered.
.00 . W ' ‘ Naf i ) )
oY vt BefosPive Sn B sdia: B re B s P s P PR Chotential

f rgbleqalsts the biea rétest£REBO HlelcBmPBSTRY BOAbIasic HGE cSIMB] diffErent
than that with the single %I ass nmenbrane | eading to
btamnperatpnge| Thesrea psistaseprahide compesit¢an¢iperane for proton transfer

el ect rocheni reaction was accel erate t he. hi gher

o B ECRTLEeABG Ry Ty RSty B biFiok p&Smance
gh@® sred bdsiitantbiet dieatsaMenBeraturdlistioeclehrebhtriokpadifieto the cell
reaction on the cathode in the cell wth the conposite

reetpensatssoastsuciad in Myomicapfabricsitien prociesse rldgsixpansianeof the
¢ Jlllstrgt%rvfliﬁ{ %‘B%reature is greater than that of the glass membrane (higher

coefficient of thermal expansion), which could lead to poorer electrode-to-membrane

conductivity.
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In the mcrofabricated fuel cells, the anode catal yst
| oadi ngs were very | ow conpared with conventi onal PEM
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Wit cé1h@isdatdean (Afrar k&% dﬁﬁmﬁﬁbkﬁldﬁay‘%%‘ﬁ tRd8ailable hydrogen
had been used. The pressure during the discharge test was recorded and is plotted in
FIG. 27. The pressure at the end point of the experiment was -8.5 psig and remained
constant at that value after the fuel cell load was removed (returned to open circuit
conditions). The fact that the pressure fell below atmosphere conditions as hydrogen
was consumed and did not change after the run indicated that the system was well

sealed. The fuel utilization was 82%, as determined by the difference in initial and
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dual | ayer anode catalyst. FIG 25 shows the
pol ari zation curves at 5 C, 25 C, 40 C, and 80 C for
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performance.

FIG. 30 shows the polarization curves of one of cells with a Nafion™/PSG
composite membrane using 8 M methanol (100 pL/hr), and dual-layer anode catalyst
at 2.5° C, 25° C, and 35° C. The performance of the direct methanol micro fuel cell
was inferior at higher temperature, similar to when hydrogen was used as the fuel.
The best performance was at 2.5° C. FIG. 31 shows the current density of the cell
over a 12 hour period at a constant potential of 250 mV using 1.0 M methanol at a

flow rate of 2 uL/hr. The cell produced a consistent current density of 0.4 mA/cm?.
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avai l able to the fuel cell to what was already in the
tube and fuel cell channel. The total volune of this
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Conclusion:

Casting a layer of Nafion™ on the SiO; or PSG to form a dual-layer, or
composite, PEM improved the overall device performance, particularly the long-term
reliability and power. The conductivity of the PSG films was greater than the un-

doped low-temperature SiO,. Due to this increase in conductivity, thicker PEM layers
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concentration in the fuel be high. The high nethanol
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( es2hoditicabns be within the scope of the embodiments of the present disclosure.

Phosphorus-doped silicon dioxide (PSG) thin films with improved ionic

conductivity were deposited via PECVD for application as thin film proton exchange
membrane (PEM) in micro-fabricated fuel cells. More than three orders of magnitude
improvement in the ionic conductivity is obtained by P doping of low temperature
deposited SiO;. The area resistance of 3 um thick film of PSG is comparable to a 200
um thick film of Nafion™. Application of these PSG films as PEM in micro-fuel
cells yielded more than one order of magnitude improvement in power density

compared to low-temperature, undoped SiO, membranes.
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attached to a network-forming cation (X) such as Si** or P°* and a counter oxygen (X-

O-H0-X). The extent of this reduction in the O-H bonding strength due to
formation of the hydrogen bond is much higher in phosphate glasses compared to
silicate glasses, giving them a higher ionic conductivity. The strength of hydrogen
bonding also depends on the oxygen bonding, which is weaker in the case where a
bridging oxygen exists (X-0O-X) compared to the case where the oxygen is non-
bridging (X-0)."° The type of network modifying cations also modifies the hydrogen
bond strength, allowing further improvement in the ionic conductivity through
substitution of the network-forming cation with other element, such as alkaline earth
metals as mentioned before, which improve the ionic conductivity by up to 8 orders of
magnitude.’ In this example, the ionic conductivity of the low temperature PECVD
SiO; has been improved through substitutional doping with phosphorus. 3-4 orders of
magnitude higher ionic conductivity in the phosphorus doped SiO, (PSG) has been
obtained compared to undoped glass under optimized growth conditions.
Consequently, the micro-fuel cells fabricated using PSG as the PEM have shown more

than one order of magnitude higher current density than undoped SiO, membranes.
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increase in temperature above 100° C. FIG. 32 shows the variation in ionic

conductivity and P concentration in PSG films with increase in deposition temperature
from 75° C to 150° C. For comparison, the ionic conductivity of updoped SiO, as a
function of deposition temperature is also plotted in FIG. 32. FIG. 32a shows that the
conductivity of undoped SiO; decreases rapidly by about 2 orders of magnitude from
107 S/em to 10” S/cm with increase in deposition temperature from 100° C to 130° C.

However, the conductivity of PSG is higher by almost 2 orders of magnitude

47



to that in SiQ2. This is due to hydrogen bondi ng
bet ween the hydroxyl groups that are attached to a

wmedoso140f or mi ng cation (X) such as Si 4+ or PS5RCEDS2085/023746

10

15

20

25

30

counter oxygen (X- 0 -HO-X). The extent of this
reduction in the O H bonding strength due to formation

oforppasedhipgimdgned Biéhd Alsp, thecandicivey of R-dened glass is nearly

P I i )
OB ool B 8328 o S s
b fenghimoheat]s ndépaeiedso he i sitioy Yahipdrael digpitehe @dduction in its P
weaker in the cas ri dgi ng oxygen exists

e where a b
( seugsnkfroan B4 b atd St hdo fasas %aRelSd” Chas eayhgessen i FIG. 32b.
n hi.dQ: - . . k. i, f Vi .
kR S R R
atdmmilad nfoue b éie st eivemiedidie tahge bidet thaf HeloPantvi ty
t hrough substjitution of the network- form ng cation
wFensetation iseidmsaentionedieagiiera Fugthern thisesylhistmpartantfer the

RGOS QG Ens U0PEDL LRERYALIR: bAOLE BRBNFLIM s
| bighaempérdtued is\mdry desirablahoyy [benpapahwEcowng®itShigher

has been i npraoved through substitutional doping with =
phseipRialgrengtivangrdeapity. sesulting i tiers feal Grrse-ov e khe highest ionic
C 3 | . . | .

SEOREL ) ko e BARRD G R e EFR ottt
odction)zaed 0gY Owtas 1cloxdd? Saas . THEowsteneemdnt yf thekefilms has not been

m cro-fuel cells fabricated using PSG as the PEM have
sAGIIReH ¥ets B s Sinscisd (be Frataaiyan £ e hrssHon nEeipusTesults

d LLY: T ' . ' :
Fhbdirt REDHBRDC LR RO ANES PRPRIMIRRL 225 asec

S uiithbuta systematia depradexce Gh tliRE(SPDsisiys teampersteg The growth rate of
senm conduct.or ﬁﬁég%g@gas m xture of Si H4 éS% SIH4 in

Hehe uaAePad: #1ilP Y sqgdederptherrisgrigensicalgrppy thygapditions.
0789 . ) ; g
e B Saciorl 8nd ERflo 8T cORARGATIE L0 455RAT R idte:

dégmsition oate by abmost @ 606 ofit@dy whibkr igtmneficid0Yhighdihrigaton
flowrate 450 seem and SiH4 gas flow rate (with or

Ubreni xed PH3) 200 seem The ionic conductivity
of  PSGrfi il dphRis,aABh bf} VI AY
deposi t{lon&rggr an&%?g%%ﬁ?‘?ﬁ'& r n%asglyfe%dva uglsn.ls %H}élomc
cbanductvitycsripgisas 1.2m 107186ephor arderadmenitndd ingovemdnhever the

film. and | ocal . bonding envi.ronments of S, .Q and. P,
m}é?sg?lgﬁ gavdycopditions. Fgﬁi WPhBtigeddPRic cPRTHCENE i B gptpined here

(XR®borddr Brem'él?trﬁtddg WokerGR Qttdf‘Na{f%nms§ﬁt€ﬁ§+é¥ %rsrs B¥ckness is

i npedance spectroscopy. The thickness o
delpo st edlesroiaagnitiie ksdthbn Nafen™orheiRESedreas BEMyelind tsvo will
profil aneter.

s 2-3 measured wi.th an ha- st.e
FBR v REPETBIS FERRUIAUEYY WE@@ 2k et BRypyy is the figure of
MRREH? TibtaneVesiSQALLHITE cSHIRSE ViR B5idURBE thickness or resistance

times area). The optimized growth conditions included a reduced N,O flow rate of 80
sccm (from 450 scem in baseline condition) and reduced pressure of 200 mTorr (from
600 mTorr in baseline conditions).

A typical XPS survey scan spectrum for PSG film grown at 100° C is
presented in FIG. 33. In addition to the expected Si, O, and P peaks, small amounts of
C and N are present as impurities, due presumably to the cross-contamination of the

deposition chamber. . The overall chemical composition of the films was Si 29-30 at
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cell with a PSG membrane deposited at baseline conditions (as given in the

experimental section) that yielded ionic conductivity of 1.1 x 10 S/cm, on the other
hand, shows an open circuit voltage of 780 mV and a current density of 437 uA/cm2 at
200 mV. Thus, substitutional doping of SiO, with P under otherwise identical
deposition conditions improved the open circuit voltage by more than 100 mV as well
as improving the current density. The fuel cell with PSG membrane deposited under

optimized growth conditions (lower N,O flow rate and lower deposition pressure than
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b%‘orﬂﬁ‘@fd blibdeP RIS s. MictNRicPMRFAYricaRd heRsIrAinY Be PSG
while the P concentration decreases with increase in

déipros ag prowntem[mgam@ré@d@vg b@n smwp to Yiedd poweridensity as high
bon onf i ur ations of Si st
f F%ﬁé‘?ﬁ%ﬁ My %t B%‘Btt?‘UBeré%‘Fee CPIQ%VFd Bh?ﬂllﬁ 4%@9} é’i‘Fq‘EFéﬂW the

Wi §8bedSCOPHESERIE i) FI G 34. The Si 2p peak can be
seen(gbteo bepfl tted agequatel y wth a single Gaussian

pRakeraens, enddofavhitl) 3reGnevporated ihein ygrefdrericeSi i s

pr.e t o he O e of

e DA Gl CHisneS S LB HEenat PAT: & S0 B P Rgne: .
| oL SE es I'EIQe4ﬁ) @pophot oel ectron peak can aI so be

fitted adequately with a single Gaussian peak centered

a. MBHavise\I. Kagaderand IdHatatzdamy, Eleatrodheins SplidSrd Letn Tt Ad31

P-O bo?zddo%g only, and that P is ,

3. J.Yuy, P.Chengé, Z.Maa and B.Y1, J. Power Sources 124, 40 (2003).

4. C.Moore, J.Li and P.Kohl, J. Electrochem. Soc. (In Press, 2005).

5. S. Slade, S. A. Campbell, T. R. Ralph and F. C. Walsh, J. Electrochem. Soc. 149,
1556 (2002).

6. M.F.Ceiler Jr., P.A.Kohl and S.A.Bidstrup, J. Electrochem. Soc. 142, 2067 (1995).
7. Y.Abe, H.Shimakawa and L.L.Hench, J. Non-Cryst. Solids 51, 357 (1982).

50



i ndeed present in the substitutional state. The Ol s
peak, on the other hand, displays two conponents at

whAbeB14e88 and 533. 1 eV, corresponding to O P ard/s%805/023746

10

15

20

bondi ng, respectively. Consistent with this result,
the relative fraction of the 53 1.2 eV conponent in

t BeMd Jogrmy RAys. §@F’ﬂe§{§’é~f?d38t%15t(l’18 D P bonding is also

f opQrt l1at Onit

consuler Hitiodihd 864 ORGPARLTAAL B8, Boistue,
photskkale, aspeL Bea 328 (165934 show that the PSG

films grown in this exanple are chem cally honbgeneous
and maintain stoichionetry even at |ow deposition

tenmper giMhe3- beMo?erdQB%tlfgtllosCgclrlcgl%tﬁﬁoﬁ Ig%% &a&f?rgeng’l%n§ and other

substrates | ncor

pnmhem&ﬁaﬂamg&amg‘msmﬂémex 4 Yk € fdrman OJMsI tarl‘i@&mdél’dtﬁ)ed that
| -V characteristics of two cells with hum dified

hyeehgyanes (osmat is paedror Ronviaichesnddrievitte passihvipshaeldbre
ﬁﬁ@ljg}e@&l dlﬁ%nﬁjéx'ﬂ%lg %’}g cL%%E 0 ttltpe ﬁll}ger%w&ﬁ& explicitly
depo rmze 1o ownin

Ite con tIOI’]S are s

Fkéalteds baithe Rimts(rcfnnafmgé; but dletoriaclimié siimrriadividdal miherical
characterjstics of a similar cell but with an undoped
Sielpes I NP AAREeA FRCOMRASSe oD thphEange as 1f ¢ach nyinencabyalue and

u Si Nas A 0/
P RDES B PUERARAE, SUMBLR. SRR: 6 10, bk
66hoid bd tgerpreedd toahdludd ridn oﬁlyl?ﬁﬁe){]ﬂlﬂhryaE@tdd&Bﬁlgd dfexdoato 1 % to
basel ine conditions (as given in the exp

- 58kQYt grd, bhalgo wcadeé%fiwléﬁﬁﬂémtg@ﬁém&t 15 M’ é%, and14°/e) awny the sub-

orfilhs (U CL 196, AR AR B0 2 QAT Bk itihed b 0°
nV.  Thitshosldbetentphbsisniathattg alf@e&lfescﬁlb& emibbBinkntssfahis

ot hervvl se identical_deposition, conditiogns i rrcﬁggved t he
o FRIOSHTE ATH MERFE! RAFE s amples of Hamlemgriatignsaand i setfgrth for a

| el G
R g R R R S S EAT  REERS
( hodeficatiis rhhy)be matletoathel albco)\&&fescd&mdSerrﬂ)bdfmqmﬂtsa@ﬁhfsehsclosure

t hanbasel i ne conditi ) yvielded a filmwth hi

i SheutdsRatiagisy Nty %0@ the gpyrijans RIRCIRIAS %ﬂhﬁﬁ%cwépre All
' %h%&ﬁﬁ&ﬁfong Yhd Giatd Qﬁegﬂtelp&’ed% bagk deﬂfhe}e‘f‘ﬁ)wuﬂﬁethe scope
power density curves o hese three cells are conpare

i of RisEisGadnre a'rhbpmak:ted\bryttlhe foﬂdwpgd:lﬁrr@ nmenbr ane

yi el ded a power density of 3.9 mWcnR, the cell with
basel i ne PSG nenbrane had a power density of 104

nmMVcn2, and the cell with PSG grown under optim zed
conditions had a power density of 200 nWcnR, an

i mprovenent of a factor of 50 over undoped Si Q2

menbrane. In order to test their lifetine, these cells
have been operated at 0.4 to 0.6 V for |onger than

100s of hours. The cells with a single

51



| ayer PSG nmenbrane were found to be stable (no
decrease in current density) for a few 10s of hours.

w@mobhet4ad her hand, fuel cells with a conmposi tBCT/US2005/023746
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menbrane (a thin layer of Nafion(tm over the PSG
menbrane) were found to be stable for several 100s of
hours. Concl usi on: PhosphorQ@Aﬂﬂﬁed Si2 films

t ed by.PECVD a tenperatures are shown to
d?g %’ ﬁ? %@Pwngfgaggﬁ uctivity by three to four

orders of nagnltude conpared to the undoped Si Q2

films. Furthernore, the ionic conductivity of PSGis

al most Ai fueleqsHnemsenrisiiie: t he deposition tenperature,

maki ng then1SU|tabIe candi dates for R,

fuel gel 5. HHEBoKTartEaea maprrbs e AR fypanic

t he PSErddubtig MateAkIR] iABra@iie RONGR AR Fateda®s, BRY eorlisifftions
shown to yield power density as high as 200 nWcn2 at

room t éxmf,amﬂr@n theompabrge s lusies ¢t ma&wvf@mnwmm%@ymand a

t he undope nbra cells efe enc ea

whi ch %ﬁcg ? miem] 5%{[2%},6& W elr%p It]hebﬁrsf ran s )fe)ils a%outolO to 100A
S. J. Le@ickhakdang- Chien, S. W Cha R. O Hayr e, Y.l.Park,

Y. Saito and F.B. Prinz, J. Power Sources 122, 410

(2002). 2. wpﬂa&yatsléyerﬂlsmamw aoffrat Td¢-pi the membrane, wherein the

El $ﬁt O %P{gpla Se(r) |1 ' eg gtg &!ilgygf lay\é]rsAégélta g[g}%/rn tﬁe Qrzsh,layer of
40 ( Zo%hbrzﬂme rﬁhtéﬁkﬂ ldesposkdlietvided cReRtr ofdhe catalyst

El ectrochem Soc. (In Press 2005). 5. S Sl ade, S. A
Canpbell, T. R Ral ph and F. -C Walsh, J. Electrochem

39,(’5\ Bi g‘g% ? l?g,?g!]&z c%? r e JYILI Fhe kalysg f}eleﬁﬁ&fﬁ‘)ﬁ%@g%s?ﬂgm one

7. Y. Abfthe *fblﬁmlﬁ@k;ﬂmtﬂﬂ@ld;mhmb‘ﬁﬂféhlunﬂ nickid el Wiiosd, titanium,
Solids 51, 357 (1982).8. MD.Ingram Phys. Chem

A assesllos of padh, anbgmbingiony keeof. H. Hosona and Y. Cht a,
Phys. Rev. B 38, 10166 (1988). 10. H. Schol ze,

G astech. Ber. 32, 8 1 (1959). It should be noted that

r 3 i 0SThe QRe €41t 6Bd14iBNE, wiaknEH fHeSmertbiaRe BaonSickassd ofab&lt 0.01
nuneri cal data may be expressed herein in a range

f or mat t0 1@ ping an%W%@ewﬁb@n@mweﬂlna@n arige Fesitiviiy gbabout 0.1 to

fornat &ﬁﬁ IJ;lnr conveni ence and brevity, and thus,
hould e interpreted in a flexible manner to |nclude

not only the nunerical values explicitly

4, The fuel cell of claim 1, wherein the membrane has a permeability of about

108 to 10 g/cm*s*Torr.

5. The fuel cell of claim 1, wherein each catalyst layer has a thickness of about

50 to 250 A.
6. " The fuel cell of claim 1, wherein the membrane material is selected from at

least from one of the following: silicon dioxide, doped silicon dioxide, silicon
nitride, doped silicon nitride, silicon oxynitride, doped silicon oxynitride,
metal oxides, doped metal oxides, metal nitrides, doped metal nitrides, metal

oxynitrides, doped metal oxynitrides, and combinations thereof.
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recited as the limts of the range, but also to
i nclude all the individual nunerical val ues or

wGeunenarages enconpassed within that range as i PCEESIN05/023746

»n b W N -

per meaffndupingmatgpalss inorganic con

nuneri cal val ue and sub- range is explicitly recited.
To illustrate, a range of "about 0.1%to about 5%

- shoul dTmefqeh@eéqufrCém@cﬁ t“d‘erqn@th@dbpﬁb%lh@ﬂﬂ dioxide is selected from at

ool | ClebdobdiP6hd SEint AIRSSL: sARRENs hofld Sy Uhxiadoron

but alsoinc u deinai vi

and 4%oprddiliche dsokidd, &ﬂlﬂ&ﬁnlﬂlﬁat!})ﬂs ther& 1. 1% 2. 2%

3.3% and 4.49% wthin the indicated range. It should

be enphasi zed that the above-described enbodi ments of
this d I .
%’pl errg%{% %f‘%eﬁl}lgoﬁlal nf; rvxglegeé ﬁyre {%]ll?% gﬁ%ﬁs'g? élgggquthemum.
understandlng of the principles of this disclosure.

Many vari ations and nodifications maybe made to the

above- Hasfiel erdlofchpimd, fethes comprising 2 gpysies fypeomp sesond side
depart t t I
of IOt hi J%ﬂ I'SC og%%ém% %/ tfh% gﬁiy%{%glla??%% slaocﬁsqjyspg SB&éeR ofiThe side
vari at oppesit@tte methiasked to be included herein wthin
the scope of this disclosure and protected by the
followi ng clainms. CLAIMS Therefore, the followng is
Cﬁ@' Mfhe feel, Ef Haifi 'furt}?e?'&f?liiqbﬁéipgac@ndééﬁ{}?treé‘ﬂ%thanol fuel
‘material “selecte rom organic
conducham@g mreen@dtﬁbn df pedaga thad abomBM midiganahit eri al s,
and conbi nati ons thereof, wherein the nmenbrane
i ncludes at least a fi rst nmenbrane | ayer and a second

b5t T PR P gf YRS, Sfhin e Bt MBHRAAL By ARG Socgn
on a f mesibraedgyee bretdifferortnthatanss. vvher ein the cat al yst

| ayer includes a plurality of |ayers of catalyst
having the first |ayer of nmenbrane naterial disposed

2?’2 Wee*fh@%feh Véwf"é/tecrlalﬁlf tw%ré}ﬁf}ﬁl ﬁ@ttmelab aﬂ?ﬁl glugd tfringgétcond

claim erelnt e cata 'S s el
| east Mmembranedayef aﬁeh@mfe@ﬂldtﬁwlng pl at i num
pl ati num rut henium nickel, tellurium titanium
aIons of each, and conbinations thereof. 3. The fue

abouﬁﬁgq%¥1&”m#% ﬁﬁ;n the nmenbrane has a thickness

and wherein the nenbrane has
an ar ea r esastembirine conpaismigta ieribrane M@EHiabdehsteinfilom 4rganic
The fuel cell of claiml, mherfln t he nenbrape has a
ucting materials, and combinations
thereof, wherein the membrane has a thickness of about 0.01 to 10 um,

wherein the membrane has a permeability of about 10° to 107 g/cm*s*Torr.

14. The fuel cell of claim 13, wherein the membrane has a permeability of about

10? to 10" g/cm*s*Torr.

15.  The fuel cell of claim 13, wherein the membrane has a permeability of about

10"%to 10™* g/cm*s*Torr.

16.  The fuel cell of claim 13, wherein the membrane has a permeability of about

10" to 10" g/cm*s*Torr.
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10 8 to | 0 14 g/cntrs*Torr. 5. The fuel cell of claim
1, wherein each catalyst |ayer has a thickness of

wabman14d0B to 250 A. 6. The fuel cell of clai mBACT/US2005/023746

wr b W N =

wherein the nenbrane material is selected from at

| east fromone of the follow ng: silicon dioxide,

doped silicon dioxide, silicon nitride, doped silicon
nitrid n [y 51

'1@ ‘fhe gigi éeﬁgd(} 33}{1 n% 3:, alhgree‘m ﬁ%%%?e‘?nbsryu{ a3 p%ﬁgdsbﬁﬁt&%? about

doped nﬁPabloﬂigkﬂesvnﬂﬁtal oxynitrides, doped met al
oxynitrides, and conbinations thereof.7. The fuel cel

of claim®6, wherein the doped silicon dioxide is

ect S
p %s p hgfrii% us P%%géefa“ la"% lt ¢ o n ggl Q&S%[(?Jln%% ?%tgl%dt gygd '&%P Psed O @ first
di oxi d§ide afthe Gsurkbraad, i ons thereof. 8. The fuel cell of '
claim1, wherein the catal yst conprises
platinunirutheniunl 9. The fuel cell of claimS8,

t he

?:é T % g%g Eél%fg?aelﬂxnﬁt? %@F&q h@égtra}ygpla rﬁgési%;&c Zélﬁjﬁ%hg of

d | SPOSREeredf tatalyst, dfﬂe@ﬁmﬁtst Byéx’ftff nﬁﬁiﬂiﬁfﬁﬁd‘@ateih@l is 'Hh;posed
fuel cell of claim1, further conEr|S|n
concenbeteeerieashiaygnof the Gatalysaendyherepidhe it ragmbsanegpyer is
greate nmet hanol . 11. The fuel cell of
clain1?¥£€ﬁgpgﬁﬁﬂ%ﬁgagirst menbrane | ayer and the
second nmenbrane |ayer are different materials. 12. The
fuel cell of claim.1l, wherein the first nmenbrane | ayer

ad% t héhe Bieberl! oferitimalie Whatest thymeenabrare hasaBare resqtgwtmf
fuel 2menbrane conprising a
nenbra%%hﬁgﬁggﬁgpébﬂﬁec@ed from organi c conducti ng
materials, inorganic conducting materials, and
conbi nat i ons t hereaf , wherein the menbrane has a

t Bl-ckndbe fusf celhefiplai i Whereimthermenpanemateripkis sglated fiem at
h
as a g"'?l ﬁ?ceﬁ {)ytg?ff%lflgﬁﬁé. ]_sggzoﬁ d'i&l&eo d ég!rlrg f’dé%_)gﬁé, silicon

14. Th wher el n

has a piridesdbpdd dijconfnimidedilidod B yhioride, Goﬁeﬁ silicon oxynitride
g/cnts*Torr. 15. The fuel cell of claim13, where

the mefstahAsidesdopedmpRbagdes Wtaéf“t%%fbﬂe@ mdaltratr}dss metal

14 g/c 1tT1QE{1 doﬂyéi méfafof i kldgf Iahd Qdmbi ?q(g‘]slc%{edwer ein

t he nmentrane a perne 'ty o fue
cell of cIa|n113 wherein the nenbrane has a
erneablllt ut
p 2.  The fue cell ot;jl claim 21, wherein the doped silicon dioxide is selected from at
least from one of the following: phosphorous doped silicon dioxide, boron

doped silicon dioxide, and combinations thereof.

23.  The fuel cell of claim 13, further comprising a concentrated methanol fuel -

having a concentration of greater than about 3M methanol.
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10-12 to | O 14 g/cnts*Torr. 18. The fuel cell of
claim 13, further conprising a catalyst |ayer disposed

wo@os/of4405t si de of the nenbrane. 19. The f uel peBUS2005/023746
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claim 13, wherein the catalyst layer includes a
plurality of |ayers of catalyst, wherein a first |ayer
o?4nen6ﬂaﬁ€>ﬁ@l@ﬂl&Pﬁmﬁﬂdgsposed bet ween each | ayer of

t he catal yst n.the first

about 101 o PR ERERE b chi o Epls Wposffbreb;
wherein thea Mrmlimeca@h fak @AodeRinhi a0lleytots, whbit the
0.1 to 1000 ohns cnR. 21. The fuel cell of claim 13,

wher ei FembENesamPase nmperiplaeleried Sonbatleast fiopranstof the

| east ne..of t ol 0

dope d Iéolll%wcl:lg%%ldlcon d Oog(lée d%) Wosﬂg:r?nt%r&é& glélgbg githgc? do%ed silicon

ni tri deitridd, kilicom oRynifde) doped sﬂi@@xedx}&ilﬂrlkie Qnetakynidés déjed metal
met al OXIdeS doped netal oxides, netal nitrides,

doped fitles, qlrniltaégs dppadanetahayides.imaetal oxyp|sddesntiongd metal
Ou " ophfced EQHRIARMA NG 4P EHERln i Paomind Bl at teast

sel ect gdirdt hivitabnd @G tand besond encdfibridelafe]| wWawdeingthe first
phosphor ous doped silicon dio boron doped silicon

i de
di oxi d@en@mledmnwpb%tqlr?@?éb k23, The fuel cell
of claim 13
o " L3 PSR SPUBS S RrARTGPRREAL by e s
about ghbnwhlvAtia m&tﬂlbraﬁe Wigsr€in fawealalyeelayer is dﬂpdisleﬂiongt s1di: of the

substrate |nclud@ﬁ% anode current collectors disp
t her eoftempranseBpasee taithedipdley chanichevhereindhecsats! )é?ﬁtlayer factudes a

cel ect BRIy P BYE BrLR NHEPR AT SRR AT mntTah Fhhhial
si |'i conispbsed ibdeveet @petdlagérldf claacadilyaxiafd, silicon

nitride, doped silicon nitride, silicon oxynitride

doped si | i cakaBRYmeurFangieotieqior dispeser gadhe mspbrangwnhe side
oxi des s, doped netal nitrides, neta
oxynltr?@Etg}I?abgzﬂgtal oxyni trides, and conbinations

t her eof , whetherein dhelecreodilvanadudtivt pdihds dispbsed detvecen the
fi.rst menbr ane Iaxer and a second nenbrane | ayer,

wher ei Fatalyel lpyer end feaspdsierert etllec®@rapout 10 to | COA
thick; a hollow channel substantially defined by a
portion of the substrate and a portion of the

mefbr affae midrerfaelrced of atairh 24§ whayiarthe siethbsqmehasla drickmess of

side of_ the
about 0.01 to 10 pm, and wherein the membrane has a permeability of about

108 to 10™"* g/em*s*Torr.

26.  The micro-fuel cell of claim 24, wherein the membrane has an area resistivity

of about 0.1 to 1000 ohms cm?.
27. The micro-fuel cell of claim 24, wherein the hollow channel includes a

concentrated methanol fuel having a concentration of greater than about 3M

methanol.
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menbr ane exposed to the holl ow channel, wherein the
catal yst layer includes a plurality of |ayers of

w@E adoabysv3 having the first |layer of menbrane netBUSBNS/023746
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di sposed between each | ayer of the catalyst; and a

cat hode current. coll ector disposed on the nmenbrane on

t 2% si Tee migrodielsell héclginb24.rehasein wiregagdlyst dgyer includes catalysts
el ectrjcally.conductive path.is.disposed between the

cat al Sy RF R o RE S bf RO loRPRE ST " 6

The m glainddehthedulm, afckéll RI1GEA, tivhiRhe aNoysBe@Bfyaid@ne

has a thickness of about 0.01 to 10 mm and wherein

t he neepinationadhereqfer neability of about 10 8 to 10~14
g/cnts*Torr. 26. The mcro-fuel cell of claim 24,

wherei n the nmenbrane has an area resistivity of about

024. t OATHERO® FFFakiitatingd midBSuélicell ccomyelsingel | of claim
24, wherein the hollow channel includes a concentrated

met hanol f uéispeming aspcrfieighedmerleydonys a grbselér t han

about 3M nethanol . 28.. Th 1 ¢ - i -
wherein t here(%qva?%/%(fm %Sy(gfrtﬁ%l %agﬁgélég%gﬁaé?} 21 tf/)g{) gﬁ é%}—ggfagglatenal
from apotieast from one of the follow ng: platinum

pl ati nunmf rut henium nickel, tellurium tjtanium )

al | oys t her isposingalfiesh Reyonacatey layee prigfthe sesrifigiahmatesal
for fa?&jﬁ%g;_i ng a mcro-fuel cell, conprising:

di sposthg a’sacrificial polymer |ayer onto a

substrate; dRpeshg fifdldyeOora Mémbhage aatdrial betoahe sacrificial
material to formsacrificial material_ portions;
di sposmaterial pertiens, gad edirstaoaeypcatalygy layerpnt o t he

sacrificial ' ' e | [ '

of & menbr adoPodifresPRl b7 AR Ditopd P Lok A
port i oRfembag rhieridli r st porous catal yst |ayer;

di sposi ng a second porous catal yst |ayer onto the
first |ayer disPosingrhtsPRd &yredfernembrags gtaiahgntg thesespre

| ayer g{)roﬁsggtgf%tgﬁ}%r, lierial onto the sgcond por ous

cataly "ayer;
removing the sacrificial material portions to form hollow channels

substantially defined by the substrate, membrane material, and the first porous

catalyst layer.

30.  The method of claim 29, wherein the first layer of membrane material is about

10 to 100A thick.

31. The method of claim 29, wherein the first porous catalyst layer and the second

porous catalyst layer each have a thickness of about 50 to 250 A.
32. The method of claim 29, wherein the sacrificial material is selected from at

least from one of the following: polyimides, polynorbornenes, epoxides,

polyarylenes ethers, polyarylenes, inorganic glasses, and combinations thereof.
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renoving the sacrificial material portions to form
hol | ow channel s substantially defined by the

waenishiade, nenbrane material, and the first pPeDUS2005/023746
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catal yst layer. 30. The nmethod of claim?29, wherein

the first layer of nmenbrane material is about 10 to
| 8A t Bhemethiod of Tlaim 28; Yhereipfthe mgmbrang majpredl & eleckrd from at

first r.QuUS cat a aver. and the.se . -
Lot B SRR UL A GRS AR BB, sicon
250 A nitiZde, Gbgedlidbnchi®ide Cdilddom ck9nitdeg depadl silidn oxynitride,
sacrificial material is selected fromat | east from

one of metpdoxiges, daperymetiabexitles, el npofgsBpnsdmalaytrides, metal
i des, .. pal | her. . i -
o assetmifed 3okt ERER SARERes, B ABhUL IRl 987 ©

claim?29, wherein the nenbrane material is sel ected

fromat |east fromone of the followi ng: silicon
dPbxi da fuglssldcamprisies di oxi de, silicon nitride, doped

silicon nitri [ - OXY L )]
oxynitride, ange?grigaxdlo&g)gtsﬂfgoaggéﬁ%ﬁ eafrﬂgb)ﬁ(’fagséezécltéﬁ@? (gf] at least
ni tri desm slepgdhd®llaviny: brdafie conditial noxariuld, inorgin®e conducting
doped netal oxynitrides, and conbi nations thereof. 34.

A f uel maggrials, agshenmtynatipns theigadbr ane conprising a

menbr ane ”!a&%_ﬁt'aryst lﬁgér%?si)gge oA sihféﬁﬁaeﬁe%{ﬂr%e afld

the foll owi ng: orgahic con ué]tlng material's, 1norganic
conduct i ng websyehahtsd niftchnoORBI i gancontfreratioh of greater than
catal yst | ayer disposed on a first side of the

nmenbr afkout gbmgthaseleent r at ed et hanol fuel having a
concentration of greater than about 3M nethanol. 35.

The fuel cell of claim34, wherein the concentration
ofi5t he Theflvhoéll of ¢lgim 34 witeesh e dohesntiatibrivef tha nadthandbfuel is
The fuel cell of claim34, wherein the concentration

of t hegratenigISM gethangl. gr eat er t han 8M net hanol . 37.
The fuel cell of claim34, wherein the concentration

of the nmethanol fuel is greater than 10M nethanol. 38.
The. f u@he €iedl kelbbf elhiai 3, vheraih éfeioncdnnatiorabthane:tivas] fuel is
t hi ckness of about 0.01 to 10 nmm wherein the nmenbrane
has a pgeseksdsnSMnediangbout 10 8 to 10 14 g/cn¥s*Torr.

37. The fuel cell of claim 34, Wherein the concentration of the methanol fuel is

greater than 10M methanol.
38. The fuel cell of claim 34, wherein the membrane has a thickness of about 0.01
to 10 um, wherein the membrane has a permeability of about 10%to 107

g/cm*s*Torr.

39.  The fuel cell of claim 34, wherein the membrane has an area resistivity of

about 0.1 to 1000 ohms cm?.
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39. The fuel cell of claim34, wherein the nenbrane
has an area resistivity of about 0.1 to 1000 ohns

wa@osh01403The fuel cell of claim34, wherein theCT/US2005/023746

v R W N

menbrane includes at |least a first nenbrane | ayer and
a second nenbrane | ayer, wherein the first nenbra

| 4Qer The fisheall afplain o ohere drR meaHyangae e Qtrll%ast a frst
catal yﬁ{em}?@ﬁ%ﬁa‘ F%l]é&jglgr S leH{b?’cl leyep ﬂe@é‘lﬁ tive ﬁxfst me1nbrane

catal ys avin v rane ma
di sposkpgediebb@rgnoeacnoA ek, aﬁﬂ vxthlaﬁmcﬂubahmgtst layer includes a
plurality of layers of catalyst having the first layer of membrane material

disposed between each layer of the catalyst.
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