28 JAN 2005 WO 02/11226 PCT/ US01/ 20032 HYDROGEN PERVEABLE NENBE@IM@E
LN FUEL CELLS, AND PARTI AL REFORVATE FUEL CELL SYSTEM HAVI NG
CATALYSTS I N THE ANODE FUEL CELL . COVPARTMENT Rel ated Applications This
application clainms priority from Provisional Application No. 601222, 128
filedvQO}§1226, 2000 entitled "Partial Reformate FuePCTAISVH2093%
Provi sional Application No. 601244,208 filed October 31, 2000 entitled "A
Proton Exchange Menbrane, A Partial Reformate. Fuel Cell, And A Parti al
Reformate Fuel Cell SystemWth A Refornmer In The Flow Field,"” the entire
di scl osures of which are hereby incorporated herein by reference. Field of
I nvention The present invention relates to a conposite electrolyte system
for use | H¥DROGENBERVEABBE MEMBRANE: EFORIGE INIFUBLCELLSel | systens or
in fuel cell AND PARHM. REFORMATIPUELSCBLI SKSTEMRHAMINGV t hi n t he anode

conpart ment .. TREFORMERNG CATAISETOIN THEBEANCGPEFUWL icESLa netal hydride
support foil or gauze upon VRoHstpQREMVENPOrted el ectronically insulating

proton conductors on one or both sides of the support foil. Background 20
Fuel cells are electrochem cal devices that convert the chem cal energy of
ageaction directly into elect me@,ﬁgdgﬁ?h%ongwem cal energy is the
difference between the energy o g chem cals. and the energy of
t he product mmatonﬂmmﬁnmﬂmméﬁppmm@bywhem cals are

‘transfor duc . whlle mai nt ai ni ng
" the sarreg@gé Lﬁh]ﬁﬂ?@ﬁ %@lj"g‘}‘ﬁ%‘fﬁ} Omgécﬁegg‘l %e anode is an-

oxi dat i OprovRtiial Applitation Ne. mw,zmﬁlea Ocidber 3R 2000 enmeda‘A Bfbis 1 on-
reaction.. An oxidation reaction involves the | oss of 'electrons whi I e the

~gai n- of @1“8@%"@%“! EaNg; JF@MMW'&@‘FWG A%Pamlﬂef%mate gal vani c cell.
Agoal Va{%l%l@%h'Sykt%ﬁﬁVﬂﬁﬁﬁ@fokﬁ BX4He W Rk *Zhﬁxeeéﬁ‘ﬁhg Qbsited GACLT ON as

electr| e maxi num el ectri ca 'S equ to.the change in the
free ZO_ﬁhwharﬁdidr@yanmmhmﬂhwhewmeMW ces that convert the cheni cal

- ener 30 energy that occurs t}el reahctlons t ake pI ace. For exanple the

_ standard free energy.of the: '

The present mventlon reiates to a conipos:te electro]yte system for use in

e1ther stand anne mtermechate temperatm'e fuel cell systems orin fuel cell
15 systems with methanol reformmg eatalysts within the anode compartment. The
| composxte eleetrolyte system compnsec a meta] hydnde support fo:l or gauze
: upon wlnch are supported electromcally msulatmg proton condnctors ononeor
" both s:des of the support foﬂ ' | ' '
_ 7 : - Bac round -' .
20 | Fue] cells are electrochemlcal devmes that convert the chemlcal energy of
: a reaction dn'ectly mto electncal fmergy Chem:cal energy is the dlfference '
-between the energy of the starhng chemxcels and the energy of the prodnct o
chenncals A reachon 1s a process whereby chemlcals are transformed from _
| imt:nal chemlca]s to product chemlcals wlnle mamtammg the: same overall mass.
- 25 . o In fuel cells the reachon at the anode is an oxxdatlon reactlon and the reaction at
o the cathode isa reductlon react:lon An ox;dahon reactlon mvolves the loss of |
electfons while the gam of electrons isa reduetlon reactlon A fuel cellisa
galvamc cell A galvamc cell i isa devme for extractmg the energy ofa reaction as
electncal work. The maximum electrical work is equal to the change in the free
30 . energy that OCCUrS when the react:ons take place For example the standard free-

_energy of the reacuon



28 JAN 2005 WO 02/11226 PCT/ USO01/20032 2H2 (gas) + 02(gas) - 2H20 (I I qui d
Is the change in free energy when 2 noles of pure hydrogen at 1 bar JAdhdt

with 1 nole of pure oxygen gas at | bar to produce |iquid water at’ the
sanme pressure. 'The standard free energy change for this reaction is

-474. Yo khi@beul es. That is how nmuch energy is avail glRishPieesPn- €Xpansi on
wor k, which 1 ncludes electrical work. Aliquid is a condensed phase. The _

free energy change for a fuel cell reaction such as the formation of water
from hydrogen and oxygen is related to .the cell potential by the follow ng
reaction: 10 AG = nFE where n is the anobunt of electrons (in noles)
transferred between the el ectrodes when the stoichionetric reaction

occurs. Fis F ' SCoNst : 96500 coul onbs per nole and E is the
cell voltage. ?ﬁagg%fg)eﬁﬁ@ﬁsjg%kﬁ)%ﬂﬁl s 15 done when charge travels from
‘the anOdelsttReEﬁ%ﬁ%ﬂ%&gymmbﬁsbfﬁuﬁwﬁﬁénétfl bdrR6actBkitn YOI t age and,

the current driven nmultiplied-by the tine o e current draw. Abatteig
is an enemglﬁtsﬁmg@gdemlbﬂhmdeMWﬁWgthakmresw det er mi ned -k

t he anmou cal rea tant .st.ored w t. battery.Jjtself- The
battery \M‘ Stfflé‘g% g%toéilt‘ﬂe@gtlm“e’ﬁéﬁg %‘H‘Wﬁ% 44 cal reactants
205are corwmth(ehexgy is ﬁhﬁéﬂl@f(ﬁﬁﬂn-exbéhsﬁmiﬂﬁ]aﬂﬂﬁcﬂnﬂ:ﬁdeg edéctricgc har gi ng
regenerates the reactants, which'involves putting energi; into the battery

from an exewk nhliquidass eendensed phase Thelfree caerey phangg ferra fagheell i's an ener gy

conver si I+ roducing - -
electrlcggmgﬁ%rgy %%?E£§£g§§%8£sg@hh¥m?§aF} 5&?R£§%n€£é%g&%ﬁbplled to the
el ect r odethe célhpoteniial by thecfeowigtreationpr i mari |y 25 corrosion, or mal function
of conmponentslimits-the practical ‘operating life of fuel" ,ceIIs Fuel
Jcells have provided power for space shuttles for a couple of decades'
H@@/ever A el used in the fuel cells used on the space.shuttle is pure,
| iquid hydrogen. 30 In a conventional fuel.cell the electrolyte i's

catal yzed on both faces of a tmo di mrenst onal nenbrane. One face is the

Tovever. “Parcoviat ot me SR rane (o MobeT CONomET SRS & acrd
~ el ect r ol @trodéd WRkn theetennﬁm@eﬁasteatﬁun 602GfsE ¥k Foralllfs Constiift ot | NG
temper at 9% EOO ce;o/ulombs per wolé and E is the ceil vo]tage The electrrcal work that s
- 15 done when eharge travels ﬁ'om the anode to the cathode is equal to the product of
| | tbe cell voltage and the ctrrrent driven multlplled byt the time of the cnrrent draw
A battery is an energy storage device. The maximnm energy avallable is
determmed by the amount of chermcal reactant stored within the battery 1tself
- The battery will cease to produce electnca] energy when the chermcal reactants
Yy 20 ' _'are consmned G.e. drscharged) Tn a secondary battery rechargmg regenerates K '
' the reactants, wlnch mvolves puttmg energy mto the battery ﬁ'om an extemal
source The ﬁlel cell, on the other hand, is an energy conversron devtce that
_ theoretlcally has the capablhty of producmg electncal energy for as long as the
| fnel and omdant are supphed to the eIectrodes In reahty, degradanon, prnnanly
| 25 | corrosron, or malfunctlon of components lnmts the practrcal operatmg life of fuel
celIs . ' . 7
Fuel ce]]s have provrded power for space shuttles fora couple of decades | o
However, the ﬁxel nsed n the fuel cells used on the space shuttle is pure, hqmd |
_ hydrogen | _
30 Ina conventlonal fue,l cell the electrolyte is catalyzed on both faces ofa

_ two dimensional membrane. One face is the anode side where fuel is oxidized
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- 25 - | conductors

when using pure H2. At high efficiencies (high cell voltage), gae
pol arization at 5 the anode could be | ess than 30 nV, yet the v tBag!eQ‘Nl 2005
hundreds of nmV off antic val ue because of cathode poI arization (or cathode

-l osses). The thernmodynam ¢ val ue because of caﬂﬂwlﬁ%’%rl zation ( or

cathode | osses). The four_electron oxygen reduction. kinetics would

WiO(ﬂ} 3R significantly if high tenperature electrolyte systens were

devel oped: Thus, there are 2 key reasons for 10 and (2) inprovenents in Q2

reducti on ki net i cs. Hgh tenperature electrolyte systens woul d

substantially reduce the fuel processor/FC system volume (PROX unit could

be elimnated and the vvater gas ?g}ég{.&qamhktdbethﬁeduced in size or

posmblﬁ( ﬁb{newial?kﬂcssu vel opment of high tenperature

el e®P¥8 ytes woul d afford rel axation of the out put requirenents fuel
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However in practical systens the second reaction does not go to conpletion.
That is why the "reformate"” fuel is of contanminated with CO BGI§ (JAN 2e(%d
(1B) require catalyst. (1A) is a nethanol cracking reaction while (1B) 5 1is
the wat er - gas-shift reaction. Thus for the convesgiuseie#3tet hanol to

hydr o catal ysts that activate the cracking reaction, the ”

9’3 as-shift catalysts, function catalysts that enable both reactions
are aII referred to as reform ng catal ysts. These catal ysts can be
incorporated into a separate.reactor external to a fuel cell or be
i ncorporated in the fuel cell itself. Wien a catalyst is incorporated 10 in
the fuel cell, we refer to this as internal reformng. A reactor orrset of
reactors Eﬂ%t banfm{ol-yzt",@aﬁééls a fuel to hydrogen is also called a Syngas
gener at or reactor. There aﬁ)g QJO‘IHE)féacﬁbﬂ'&ofﬁrmﬂEQ‘@ produce i ncl udl ng CO2

- and CO." Oghf¥eversingeacticd SYSPRS o be pr.oduc H2 content In
reformed net heanol @%Pas%fo%atgsmmmnmggwlg‘?Coljsmgh430kg H2/ kg fuel
' respeomplwby Thetds M ng process.yiel ds (% gﬁemlw(tllh) CX2 and | ow

| evel s, CO ket r sl Adp ‘tleﬁ'ﬁe‘r‘at’m"e' ange ol ymer

el ect(%! %&#ﬁdﬁgg@m 3{-&}1 {?QE ﬁv&hbﬁbfhmthahel E‘Pgﬁ‘gs shift (WGS)

and t emﬁélegamtnfateaﬂ&&d reactQ SadP at the pph
5 IeveI enough ta. S{F%f uoalt[hoyvatﬁtgaﬁ‘ﬁ % out put cont ai ns
aboutcaM@%z 9 enough

't 0. shut ﬁ m&WgA PROX unit is used

to fu fuaht? h@;ahréﬁbotbm a} e approxi mat.el y-10-ppm t ol erance
limt a typl cal anode ﬁ @bﬁwﬁmsepmmm X °8f CO tol erant
anode&;ﬂ or. t he. PROX angd. .\ "’"wﬁpdrswdToday, there are
no anode c ‘i’é"y &ﬁ.g{, ,ﬁmaﬁeltcollets@fewthﬁ’é f9°C0 Cont ent _of the WES react or
) out pufuehee % ting .25 teeg%?rﬁ? il Araadzwm'rse@feéﬁmyte fuel cell.
The mys: Wmvyem@meem yst. s, coxatlon S f)ed Pt Ru.

10AIternaglves suc as Pt AR W@@ﬁaﬁ&uﬁ#ﬂé@a SIPHRSETG sta ility issues with

Pt Mo ﬂﬂqahwelcélbé on.. Thus th é@zlt;{;ﬁrC()célﬂmfysts shoul d be
augment e?o Wﬁw@hmﬂepﬂ@@ﬁﬁw g‘?ﬁr a{]ﬁ? el.ectrolyte (HTE) systens.
Phosp &-acid fuel cells. ,-e---.AFCs) do not require a PROX unit 30 because

t hey gwpbmmm@@@bﬁ\ u COis not .a f.e 104G orit is not a2 3
JAN 200 WO &ﬁ‘%ﬁr{eﬂﬁﬁﬂaﬂmd@rﬁfs?wlog%%@he face t!hs t he cat hode

si de V\here Bn 1S reduced proc&ds doHy ddutedi el | s, this
three- Eyatﬁua] S;L?%&??Farhg% Ito a?@ﬂlfrgeng% e el ectrode
15assenb tctl&?ewlﬁﬁﬁm&opemg roI te sandw ched
bet vveeﬁObmﬂé‘a‘F ?‘S?fﬁ ayers. 5 Gasol i neg. Qi fisas sHE (VEGE) and al cohol s do
not havely%%e aksytedhaleeg therefe@ASRIRE (Y Vity to be u%gdl directly in
e-art po

st at e- B? ly a}f{o?céﬁmﬂnsﬁfé)ﬁiéh? ¥-for high power
appl i cﬁdmmma é!"%ne (g% 5(29(% GS outpit con tamsaboutl%CO o
 snough to shut down aPtalloy’ ‘catalyst. The WGS © L

the -
po . still enoughtoshut down the anode. A PROX unit is usedfto fm—:: Z:Ze |
'- - CO contexit: o ﬂle approxnnately IO‘ppm tolerance Limit o i‘tﬂ tz;: bvmte _—
) catalyst (PtRu). The de\?elopment of CO tolerant anodes co - that could
for the PROX and WGS units. Today, there are no anode ca ysts
CO content of the WGS reactor output at the OperaUng N
emperatlll'e £ a polymer electrolyte fuel cell. The most commonly used ano
> o t e orted PR Altemauves such as

catalyst is carbon SUPP tion. Thus the quest for better

with PtMo require eX
_ although stab:hty issues oh for higher temperature electrolyte

ented by the sear
. catalysts sbould be ang 11s (PAFCs) do not require a PROX unit

hosphoric acid fuel ce
(FITE) systems. Phosp CO is not a fuel at 200°C, itisnota

30 because they operate at 200°C. A]ﬂlough

to]efaie the 1%
PtMo have been studied



fuel processor is required to convert these fuels to hydrogen -rich fuel
gases. Fuel 47 processors. for autonotive fuel cell engines nust 2bg abi e?i(
to start up quickly, 10 follow demand, rapidly, and operate efficiently
over a w de range of conversion rates. Al so, fuel conversion needs to be
essenwiostziy2asonpl et e over the entire load range. The@EPHIAMBnoxi de | evel
in the processed fuel entering the stack nmust be very lowto avoid

poi soni ng of the anode electrocatal ysts. The chem cal reactions governing
fuel processor design for two alternative 15 reactions used.i n the primry
steps to convert nethanol, i.e., H3COH, or gaso’l ine e.g:; H3C (CH2N

CH3), are given bel ow St eam r ef orm ng H3COH _+ H20 (stean) + heat
-> 5 H2 mmaop;ms)zef(age)zsﬂmﬂ( gx)dewl@f@xygeqlzredqz@(@tmem heat -> 21 H2

”+4CO+4 | air), ->3 H + CO
+ + elgs&o E"ﬁé’ﬂ ﬁ‘?ﬁi) ﬁ%@%&%m%wnﬁgt‘?%{‘* 6 Hz + 4 CO + 4
02 + 3 %ﬁmﬁegm@ggmgf@m@rﬂmmweum adeterpobateri n t he above
equations-require’ 25 catal ysts e catalysts are incorporated.into the

cat al yti @MW@W&F@W D@W@%@Wwﬁ?j{lﬂr%e pur poses of this patent

g)l i cation, w%@%ﬁmey%g a?%(];‘?ﬂ?g ﬁﬁ@e%ﬁ&gﬁa@t I ncreases.the rate

hydr ogen fo 'S Wou r-gas-shift catal ysts
_that CoN\eRickroblieniiosl rvuetivity ﬁocbefuﬁdidgmnlyamskawme-mgolymm (1) can be

 Rohet | on clsiobdnis ”at'&r@%sa%@ hibg oRs Ens?%fg@ﬁ%s—cifm%aﬁes"'”'.Q‘?’zco

v 4 28 ' ' gEhRich fadl vV @irdl
o Sadvan;gggls t%@ﬁoﬂaaﬁ%ﬁme%@mo cR fa612258)

, o' - and H3PO4 “tont ai ni hg™“gr.ot'on conduct ors.
.. Nafion r@mnmhﬂ@mﬂﬂmﬁpmﬁﬁ@mﬁmmwlm@uﬁmﬁatnx e.g, doped

‘pol yben be R H3PO4 are.
g Qés aﬁ ‘f"ﬁé (%vo#g;éqe&%ev%mmﬁgg’?g{?%&t@ erg?%eg@io ‘those acids
is also kﬁ&.tﬁﬂopﬁel&mv&mﬁnﬁbéﬂsltbbé)tsseﬂtiﬂlycotdp&tmamhe(mmehmflugate base)

of hos horic¢ acid e. phosphat e 0i son at.l num cat hode cat al yst.
P , prange The carbgn monox%de legelain e:;grt»::e:ssecflS ﬁxepentg-m tjhe stack y

- be very low to- avo:d poxsonmg of the anode electrocata]ysts i
The chemlca] reactxons governing ﬁJe} processor dwgn for two altematlve .

15 reactlons used in the primary steps to convert methanol, i.e. H3COH or gasohne
(L2 H3C (CH2)5 CH;) are gwen below: ' ' ' '
Steam reformmg ) .
(1) 2H,COH + Hzt) (stearn) + heat —> 5 B, + CO+ CO,
o "(2) HgC(CI'IszHg-I- 12H20 (steam)+heat - 21 H2+4CO+4 co; |
| 200 --Pa:rtlalomdanon __ : P '
| _'(3) 2 BaCOH + 0y (ait) — 3H2+CO+C01+H20+haat - |
o (4) HgC(CHz)sCH3+71/202(au) - 6H2+4C0+4002+3H20+ -
V'I‘he steam reforming reachons described in the above equauons Tequire -
25 catalysts: The catalysts are mcorporated into the catalytic-chemical:fuel. -
| processor For the pm‘poses of this patent apphca’aon, a refo:mmg catalyst isany
~ catalyst that increases the rate of hydrogen formation. This would mclude the -
water-gas—sh:ﬁ catalysts that convert CO and water to hydrogen and COa.
 Reaction (1) can be considered a combination of methanol cracking and Water—
30 " gas-shifting. Reaction one can be broken down into (1A) and (1B).
| * (1A) 2 H;COH - 2C0 + 4H,



Nor by states that "at higher tenperatures the protonic conductlvktl\(la@K
decrease because of (1) reversible or irreversible Ioss of vehic & Mer2005
(e.g., in proton conducting polyners), (2) be lg@ﬂ% lmadeconposmlon or
mel ti ng of hydrates, hydroxides or acid salts, (3) . because of reversible
| 0SS 6of pr ot ons (vvater) from oxi des. Thus, proton conductlwtles are

WOQ@H&? ally functional over relatively narrow tenperature ranges. The units

15

) WI t inth 9 (Elag;arsﬁtslor (3Y
.0' : Y%Ig

b5 - inthe“gar”

of conductivity are SS/cmwhere Sis Sienens. A Sienen is the reC| prical of
an ohm (i.e 1/). Referring to Figure 1, Norby concludes that , "at present,
solid proton conductors do not parall eI 1t hgl_p @ c@jtgagma I on conduct ors.
(with CondUC“w“gW g@soflﬂmmmna A -conductors, . in general, work
at subsIt];a:rEaraISﬁW?l effperature gggmmemﬂﬁétavﬁﬁe hi ghest
conductivities dwéﬁfe g ?‘Pow tenperatur ey Bytt there are no solid
prlsrbmnceﬁm‘llf’ors V\orkl&%?ls%% f@gmawh;hp hosphaLic ap bet ween, say, 200 and
500 Cas stag |Iethe gﬁg&aﬁﬁmﬂﬂwﬁall in an Arrheni us

range of operating

pl Bty ?g(fovers ’{Tltih fﬁ
'temgtmmaﬂm% 2hem cal Hﬁ)c &@pdoﬁuglgyﬁébﬁ'very on processes.

Narrow ng t Eggpﬂgﬁvomw; erest 'in th vel opnent of proton
comcides ]?[5‘ practic bﬁnﬁnbathﬂftﬁ?f%%ggl y, there exists a need
for a Egaidf(awphg conduct Vit tcgﬁduogmﬁbﬂegl on of - Figure 1.
I\/brpé“’f? tICU| ar | etmera@EGS r&%hﬁgl ECtI‘ORI cally insulating proton
conduct dﬁoibuﬁa&‘?sﬁpﬁg no I Tossuﬁbe&é@ﬂéﬁ% g‘i’n Nafi on or H3PO4

ul d
|nb| bed |Q&§&m|§\{)qevmeﬁg on conductl 5‘5 fhe "gap" region of

of the present invention

OF T
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(water) from ¢ canges.” . ' e
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relahvely parrow o ctivity are Slcm where § is Siem! mens. A Sldmm b
The vsits of condvoti 1, Noiby concludes fhat, “at

Referring to Fignre

| 'reclpnﬁal of an ohm (e 1/ Q) best oxygen ion conductors

do ot parallel the

p'f esent, solid proton conductﬁfs H vor. pIOt n conducmrs: m general, 'WOl'k ai
OWE
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| Geesses.

| Pmcesses and enerfy c:::;zoin conductors for pracucal apphcauo:summty

 - mterest . the de‘:l Olihere exists a need for a syster: havmg ‘proton fz:nm y

ccoifg;noz of Figare 1. More parﬁctﬂarly, thereis a Zeedhasc mhke water
roton conductor contmm‘ng BO hqul P

Iecmmcauy msulmlga P1;3(.1 ma matrix, having proton conducnv:ty in the © gap

inobi ,

proton conductOIS
C, as shiown in Flgure

. mNaﬁon or H3P04

reg;onof Flgure vention . -
| WW_JL———- s cally insulating

eciron
An bodument of the present jnvention is 2B el

1..
the gap of Flgufe
ton conductivity W“hm
duc’(Oi' havmg pro
proton con:
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8 JAN ; 005 WD 02/11226 PCT/ US01/ 20032 operate in the tenperature ranges of
100- 650C and 650C and nore, respectively. The MEA is the core O? ghg%QUﬂmﬁ
cell. Proton conducting polynmers are used as the electrolyte [ E

Nation M |s an exanpl e of a proton conducting 5 ner_. 't hough
electrolytes for fuel cells are necessarily proton %Uﬁﬂﬂ@? Ps, t hey do not
co@R{I % Pect r ons (i.e. they are electronic insulators). Thus Nafion is an
exanpl e of an electronically insulating proton conductor ( EIPC). An EIPC
is a material that conducts protons or hydrogen but does not conduct

“el ectrons. PEFCs typically operate at tenperatures bel ow 100C. The upper
limit is inposed by properties. of the poly el ectrolyte (typically
perflu(g{emgt,ﬁqlessmf)amfeedngelorm éS(s"Q@sdééo @l&sﬁ* B¥S that dehydrates.at

t enperat ur s above
' respectively.

The MEA is the core of the fuel cell Proton conducting polymers are -

wwatnnocondnctt
' used as the electrolytein PEFCS ‘Nafion™ s an example of a pro tun conducting
5 polymer Although electrolytes for fuel cells are necessarlly proton conductors

~ they: do not conduct electrons (i.e. they are electromc insulators). Thus Naﬁon 18
an example of an electromcally msulatmg proton conductor (EIPC) An EIPC is a
.A matenal that conchlcts protons or hydrogen but does not conduct electrons |
. PEFCs. typrcally 0perate at temperanrres below 100°C.. The wpper limit 1s
| 10 o posed by properhes of the polymer electrolyte (typlcally perﬂuonnated
R sutfonated pOIymers such as Naﬁon’”) that dehydrates at temperatures above
100°C. The mamtenance of water (water management) in the polymer isa . |
're.qmrement for hrgh proton conduchvrty As the temperature is mcreased above o
the bollmg pomt ‘of water, the polymer membrane dehydrates The dehydratlon of |

15 the membrane reduces the conductlvrty

In ‘state-of- the-art PEFCS the conductmty decreases as the temperature |
mereases Speclﬁcally, the proton conductlv1ty of NafioanTM decreases as the
temperature mcreases Typtca]ly the thlclmess of Nafion used in ﬁ.lel cel]s is
‘between 2 and’ 7m11, where a mﬂ isa thousandth of an inch. Such t]nck ﬁlms are -
) 20 o free standmg ﬁlms i is possible to mamtam hydra’uon of the membrane by |
L -mcreasmg the pressure Increasing the pressure isa way of effectmg water
: management becanse the boﬂmg pomt of water mcreases w1th mcreasmg
' prm H0wever, 0peratmg afuel cell at hlgher pressure reqmres the nse of
-parasltic energy to operate cornpressors ‘Maintenance of hlgher pressure would
25 reduce the power densﬁy of the fuel cell system. o

F1gm'e 1 of the specrﬁcatlon is Figure 1 of Norby It shows selected
hterature data for proton condilctivity as 2 function of i mverse temperature Norby
- states’ thai many classes of proton conductors are represented by members that
have protomc conductwmes ofup to 162 - 10‘2 S/cm at some temperature The
30 proton conductivities shown in Flgm'e 1 for Naﬁon, HCI and H3P04 solutions are

the ranges where these ‘materials are useﬁll as proton conductors.



100C. The mai ntenance of water (water managenent) in the pol yner |@$@
requi rement for high proton conductivity. As the tenperature i n a%ﬂtgé
above the boiling point of water, the pol yner anr 3glehydrat es. The
dehydration of 15 the nenbrane reduces the cof§{y® PEFCS, the
conductivity decreases as the tenperature Instate-of- the art increases

Wstﬂé’éﬁzf’cal |y, the proton conductivity of NafionTM decreases as the

"W th increasi E@erﬁﬁé%gmﬂh\mp@

'Flgu‘i"é‘ﬂttl érl}t Naflon

3

10

' proton congyekticr

5 Protoa fuel cell comprisit

0 ;
F " those.skmcdmmsm

t enper at ure i ncreases. Typically the thickness of Nafion used in fuel cells

is between '2 and 7mil, where a ml is a thousandth of an inch. Such thick
films are O free standi ng films ossi bl e l.@ud® ntain hydration of
t he nenbrane by increasin ggﬁ%nwhngmbgngm? élas}lng the pressure i's a way

of effec%ememan@dﬂﬁﬁméb ment becausee,% ?dlaﬁ:'c{rbﬂﬁgalbm nt of water increases
I'ng a fuel cell at higher -pressure
I equavieg profen parasitic Exge(g@hags) operate conpressors. Mai it enance
of hi gher Q&gﬁgﬁﬁumm@%mg t'he power &ﬁ\%‘aﬁ of the fuel cell
sysﬁﬁ*aﬂf—’s ure 1 of the . spg&bftdggfdtmmqn “ of Norby. It shows
sel ected Aadmmaampeuﬁa ta pr ot on % qﬁt,mglptgtoas a function of inverse
t enper at ure. Nqﬁg% {nealammfo Masses of ‘?‘f@%on conductors are
reproeﬁgmsmﬂ n%lers that gay%]nqﬁmmmﬂé ties of up to 10-3
-10-2 e 30 protgg%g@ﬂt@idwhes shown in
A—Igndaaghtjm are the ranges where these
mat %memmaﬂ’“& pr.oton con ol @ﬁdﬂWZOOS PCT/ US01/ 20032 W

02/ 11226 A Wgtﬁdnnmdqc@rgﬂ ronical |y insul ating proton
.condedletsprif g proton congmlglatﬂ;elweﬁmfﬁp? égp of Figure 2, said
el ectroni q@ikmbmdmaﬂ"ét fi " N0t on co B’Q‘haﬁﬁ%'ﬁ tdijcwgd‘!ﬁq i qui d phase.
ﬂ]&g]x‘f ondu

Addi tional enbodi nen Rinpi e dote ctin anbrane conprising an
el ecicondiabng " At | ng_.pr ton 8@@@4@10&0&)@?%&?? on conductivity

Wi thin the rgaﬂ&ﬁmﬁmgﬂy?ﬂ g’nprl Si ng, %gbt%hﬂg%ggﬂﬂmtl ng menbrane

compri¥MEP pr ot on conduc yzwﬁdteslﬁcttoﬁe‘ rgure 1, said’

el ect aWW%@%an%ér%ton conductor containing no.liquid phase. An
enbodi nent of t|'§in.§n \aﬁjﬁd;ﬂws?s a fuel cell co Mraﬁd)ton conducti ng
rrenbrem@“_ﬁ'@ﬁﬁ??m ngg an el ectéa%ﬁgygtym;mmq Bﬁ)t on congductor havi ng

etnpodiaeht 15 &'he gap” of _Fi 8 Lsin@anelelsPPEPTY prot on

conductivity wt h| n ta otgﬁaoﬁucﬁngme@ sal el ect I’Oﬂlfzﬁ insul ati ng

q’? conductmtymthm lgmé
roton conductiog ; membrane O

msulatmg

insulating proton conductor having 3 proton:

1orx. coxoprising 2 fuel cell compnsmg a pro
B nduc’awty vmhm the gap of Fi

a proton cO:
: conductor containing o Tiquid phase-.

. 1 arentto
nal advantag&s of this mven’aon WOuld become reail y apznly .
Jesine the followmg detailed descr iption; Wherein
. wn and- descnbed, sxmply by way
ention. As

pnslllg

gure 2, said electromcallY

proton

diments of this mvenhon are sho

bo t this Inv
- preferred embe for carrying o
£ the best mode contem?lated ° ent embodiments,

£ ﬂlush'ﬂnon o and dlﬂer
© 1e of ofher cts all withot

ab
this invention is cap:
would b ealizbd odifications in various obvious resp

able ofm are to
and its dealls 25 0 Accordingly, the. drawings and description

[ i this invention..
depariog "0 jctive.
N garded as illustrative in nature and not as restri . |
o © Brief l)escnptlon Of The Drawn g
| ity as a ftmotlon of

Vi
shows selectcd data for proton conduct!

F1g{11’ e 1
ture for some materials.

30 inverse IHPEr



conductor containing no liquid phase. Another enbodinment is a f eg gﬁhlz
system conprising a fuel reformer and a fuel cell conprising a 3 t 005
conducti ng menbrane conprising an el ectronically |nsulat|ng pr ot on
conductor having a proton conductivity w thin Ph@ﬂ@&%ZSF Figure 1 or
conprising a fuel cell conprising a proton conducting nmenbrane conprising a
w@ID182P conductivity within the gap of Figure2, said electronically
i nsul ating proton conductor containing no |liquid phase. Additional
advant ages of this invention would become readily apparent to those skilled
inthis art fromthe follow ng detail ed descrlptlonbfmhereln only the\
preferred enbodi nents of R ﬂﬂaﬁﬁﬁﬁﬁmmvayés§ﬁ9%ﬁ°3nd descri bed, sinply by
way of ﬁ}bhgg&haW$sﬁ%§ﬁ %st node contenplated for carrying out this
i nvention: #E fdaged, this invention is capable of other and
dlfﬁﬁaﬁmﬁmﬁﬂﬁﬁﬂP and its details are. capabl e of nodifications in
vari ous obvi ous respects aII mﬁthout departln from ks invention.
Accordingly, the draw ngs, g ghpahnnﬁmkwﬂp WE*r egar ded as

i Il ust rat.-i shmtmree‘“a‘h’a ‘as restrictive. BRI EF DESCRI PTION OF THE
DRAW NGS a;jre 1 show sel ect ed data for proton conductivity as a
5 f ungiettod ¥rse tenperature for some materials. 8 26 JAN 2005

- PCT/'USO01/ 20032 WD 02/ 11226 Figure 2 shows sel ectgﬂ gata for proton

- conductivity as a funct M&amwtsﬁm% For sorre materials.
- - pigure4shows] the ths ualtothatofNaﬁonll at

the p ton cond‘uchltY eq
different matena}s having R

s T obrane electrode

10 L e £ 2 fuel cell with a MEIDIEE ,

. an-éxample of a el e .
» Figure 5 shows an & |

?fssembly-, o
. . o - \;t .'.“d.. e ed]ate
' Fig d:mantofanmterm
ig schemahc of an embo |
_ Figoare 6 shows a
15 temperature ﬁlel cell assembly.- : : N

Cpedt RS

‘ V tion of
r sho a schematlc of the rcactlons mvolved inthe prepara
_ Flgure by ws tlon
~ the slhca particles of onc embodlmmt of this invent o8- o
ook 1, thh ﬁve layefs of BIPC on one s1da, hung ona

1’(1 foi
o R E1g.nc83hqwsa N
| )0 o ﬁ@e stand after; 20 hoyr bghng nnder NH; atmospher

* ‘(‘_ - ,
\

F1gnxe 9 shows fuel c.ell performance .CUTVES. - | o
vmh ﬂ:lleDBSS of the EIPC )

Flgure 10 shows the vanahon of ASR (9 o’ )

25-
in pm (mlcmns) |

Wws a partxal reformate fuel cell syste

Flgure 11 shov

. | fi rmmg in an
g\ne 12 showst the product d1stnb tlon by internal relo
30
embodiment of this invention.-



wO ©&H8r at ure fuel cell
~involved in the preparation o

L 1 mcany ]atmg ye‘t 'pmton
€ ect! 0

25

30

Figure 3 shows an exanple of a high tenpeture electrolyte nmenbra

Figure 4 shows the thickness as a function of inverse terrperaturr:'j@f JAN 200
different materials having the proton conduct]

itampmwsal to that of Nafion
117 at 80C. Figure 5 shows exanple of a fuel ‘Lcéelﬂlffj

) w th a menbrane el ectrode
assenbly Figure 6 shows a schematic of ~enmbodi nent” of an internediate

assenbly. Figure 7 shows a schematic of the reactions

the silica particles of one enbodi nent of
this invention. Figure 8 shows a pd foil, with five layers of EIPC on one

side, hung on a frame stand after, 20 hour baki ng under NH3 atfrosphere.
Figure 9 shows fuel cell

# wﬁlﬂurves 25 Fi,gu 10 shows the
variation of ASR (0. ch)D t&‘gg Qj‘artyi’c@dlilcpﬁabq 'J';i((am crons): Figure 11
Sl

shows a part| QbR tprotanusep system 30 -Fl Qifeflall 2 shows tthe product
di stri bispssd g ﬁ \z

er nal v@%%wmndmréﬁﬂgﬁ’oﬁ%nt of this invention. 28
JAN 2005 {Og§01tﬁe2ﬂ@3 / quaﬁedmmaféﬂ? -As used herein,
th€0 ndpeies 1;g)lq;oton condu a‘?gsvsf an%

capabl.e of conductlng
Pr gt s, GEenateaigl £S5 Be 4 s nqge afokaiatmewrrws?te material. A
coMosit e rrater“?[mdsguﬁnm System conposed of a m xture. or
cogbiwmot AT BT o or &. constituents.di-ffering in formand /or
materl al afé)&ggﬁanymﬁo ‘Fﬁﬁe (e)%%en laé‘{ehétdnr&mﬁ@#e in each ot her.
mventlon, ‘aMEAC . enﬁty i o idized of re,ducad

whereachemc .
‘am aniode 0X @ cathode, a cathode or 20 anode, where an
counter electrode, &5~ mAalsohaSanEIPC

mdlzed I&‘Pechvely The uldbea

afnel iso The “EIPC of this mVentlonCO

ed 1aye]_- that 15
ra'ted mto a gtad
ent of the MEA o mcorpo and a mlxed

o the apposite face: The

For purposes of this

© layer, €8
especnvely and 2

~oxidant lsfed““ed o

nSs.
~ which condncts protons ‘but not electto

d
d the electronically msulatl:ng region wcml

talytic region an suppo ed on the
wmﬁd serve as e €2 y?15'_‘11"0 A catatytic 1aYeT W"“ld be &
- serve as the eleclml}ﬂe o 1*10 ad consﬂmte a2 laye:r

MEA. This tWo~
“EIPC side of the graded layet temperature such

uld enerallY be operated at ahlgh 1a not requn,e a-
IayerMEAWO B ito membrane of the MEA wou fthe o
mnd“c@g, cmp? ‘at fhe ttncatalyzed sidb is famle tecause O L
r‘beca'ﬂseﬂlereac m R P .

ﬂle MﬁA 13 .

A generlc 1"3-'11’1'*?"""f"’nta'twn for ne of the
bigh temperature: laye,_-MEAWOuldbe one where Of

n .
. Anode/EIP CICa’thﬂ*de Atwo mterface sepamtmg , the BIPC 1egio ,
adually changiog. sev eral embod;ments of

that one side

- of the proton
- catalytic 12

gy
jectrode regions bas a
fio the electrode reglon. 'I‘hls mventon encomp
m .

S

ent of a three-1ayer

and GO'lJIlter
o fiiel cell MEA usimg

| counter - electrode
lectrode and counter ele(:trode forms
e

1PC with ca
system would have an E o The polymef electrolyt

tatytic layers of electrode

electrode on both sides of the EIP

10



For purposes of this invention, a MEA conprises at |east an ele tﬁ g; ?
| ayer, e.g-, an abode or a cathode; where a chem cal entity is d @d 0(95
reduced respectively, and a counter el ectrode Spéstat hode or an anode
where an reduced or a fuel is oxidized respef ve?y The ME oxidant is
reduced or a fuel is oxidized respectively. The EIPC of this invention

wO @#IH8 be a separate conponent of the MEA or incorporated into a graded

| ayer that is electronically insulating yet proton conductive on one face

and a m xed el ectroni c-protoni c conduct or on t he opposite face. The m xed

conductor region would serve as the catal cq faGHied tayand the electronically

| nsul ati ng regi on would g&g%ﬁNaﬁonﬁ@n&x yte or EIPC. A catalytic

g%q{ wﬁuichtdbﬁt!ﬁ)ﬁ%’?tg on the EIPC side of the graded |ayer. This would

C Itute a 2 ayer MEA. " This two-- |ayer MEA would generally be operated

atpMgAhi gh tenperature suc? t ogﬁamdha:at?ﬂ}ftl‘ﬂéy‘ﬂr ot on conducting conposite

r_renbra(r;lﬁl ﬁkpgnﬁdﬂ&nw reqw re a %g%g Li#d foil. &per because the

reacti at the uncatal ﬁﬁcﬁs%@eﬁe@waﬂq ecause: of high tenperature. A

ge%bﬁedapammat ‘OTr" or the . Meﬁﬁhw@%t hode. A two | ayer NMEA
be o ﬁ V\Q&% odﬁcanﬁié""e% (% regi orﬁz has a gradual |y changi ng

| n&‘&abﬁﬂ@ g 83 | ng t El Ptﬁ m i6 Yayen tHOWRF ect r ode region. This

|nve t| ARAfdie sedac tea errbodl mantnzy slﬁgéfthemﬁéﬁlher embodi ment of a

I\/EA woul v@mﬂaeethe&i@ gounter el ect rode sandw ched

| tog&ﬁﬂ&ﬁfm entieA-BYFC interface between the el ectrode and counter el ectrode

)

- 30 comprisi

forms an _EI'PC. An- enbodl nment” of a three-| gmpawoul d have an ElI PC
g‘ﬁ/tlc | ayer: ?qh&ﬁ t(Mafadcﬁeﬂo‘g%FéP&e ectrode on both sides of
r

the Pqﬂéﬁ"m"@‘“ ol yte fiel GealtndiEAatbtiogsye:

betWeen an ano
' -elactmlyte systemn san&mohad s s

t suppo
tude a matrix tha r
- elacmlym e - rganic phase that conducis  oxide, carbonate o

hase, an ino catalyst
Biectmme, . po}ectroyme;; canbeam ulhcomponent system:’ The anode -
€
P e o latmmn/mthemum mixed metal catalyst (PtR ‘
. e SMface . ist. The shorthand notatio

.
mp

e electrode

jinsulating proton conductorof 2 membran
reactlon mito
tis capable of converting: chenncal energy ofa  h
tha etature of about 220°C to about 550° _
onductor of a mémbrane’ electrode assem ¥
c action into electrical energyata

electtomcally jnsulating pmton

- the best mode
. An e]ech‘omcally

 assembly
 electrical enesgy at a temp!

cally msulatmg proton

e of ate
is capable of convm'hng chemical energy
| 75°C 16 about 550°C, the

t1
temperature of abow -

conductor’ containing no

tin, composite !
A‘pmton e rane electrode assembly

' ;nsulating proton conductor ofa memb

erting chemlcal energyofa

120°C to about 550°C. A
ng an electromcally

acid-containing tiquid

an
embranc compnsmg
. that is capable of

at a temperature of |

eléctronicaﬂy :

reaction into elecirical energy
&
o A proton conducting composxte membrans .
of amembrane electrode .

- msulatmg proton. conductor ©

converting chenncal energy

of a reaction into
ombly that is capable of

11



PCT/ US01/ 20032 WD 02/ 11226 Nafion wth catalyst |ayers on both sq' d@ Oj[][]
Nafio n is an exanple of a three |ayer MEA |In another enbodi , 3
5-layer MEA, an anode catalytic layer is supported on an EIPC, which in
turn, is supported on a metal hydride foil. THe g@weswa2oBhe foil opposite
t he anode can have an EIPC | ayer deposited on the surface upon which'is

i WORAK28d with the cathode catal ytic layer. Another enbodinment, a 4-1|ayer
MEA, woul d have the EIPC on only one side of the nmetal hydride foil. In
general, an MEA is a conponent of a fuel cell, which includes the

- el ectroI yte system sandwi ched between an anode and a cat hode cat al ytic

ayer. The electrolyte syst et ¥ t hat supports a |qU|
| he el | Y %gh&ﬂmsqmo BentesSOREr e th 4 d

phase lgétﬁaélrmsgy@,taé@fﬁlﬂr ase, an inorg |c %E?‘?? that conducts oxide
. carbonat e of ,nge ro{EH%oﬂilﬁﬁirbmﬁW@gé’&rﬁc oMUl conponent system  The
anodeehat%my' ly F’ e a high surface area pl atinunf rutheni um m xed net al
cat al ystd ) and - ‘the cathode could be high surface . acte Pt black

cat al e shorthand Qot a@&cgﬁbn%Melmﬂ@M £ anode, an EI PC
and a Pt ca&hmdmrwm Dif.f 5‘%5%@ gest of this

i nventi on, m%ag o ablddftwnveabn&ﬂwﬁ‘f‘c f8%5ést “node contenpl ated for
5carry|pm@f0%&?n nvention are %&ﬂn{ Aj W, B8outF30eCedt roni cal Iy insul ating
pr ot on 1c % y at aremiperiiEc 8 e assenbly that 3 capabl e of
converP) em ca ener‘%;} %Eﬁ a&&lbafomwﬂwl%ﬁ“iﬁ% energy at a

t errperlaémbmnofel (is)

)

1gonduct!

of a repgth@Rciohipally msul

)

550C. . An la bt @ t‘ti ly insulating
proton caqn uctﬁﬁ o mﬁ%@?ﬁf that is Capabl e of =
conver 4 ca energy of %&eﬁ d@{bmﬁpsiﬂo&thqmﬁpb@ﬂ rgy at a
t enper %gﬂcgne@ymatm C th,e eJFﬁ I |y insulating
proton— cond_uctor nﬁ,gi#ghagciﬂ&omudmnom m 11558 A proton
rane conpri aGhh b } nsul ati ng
pr ot on l%ﬁtg% @uﬁﬂﬂbcamgeé%tfﬁgn%gbseg#bl y ﬁgt i s capabl e of
conver chem cal gnergy of a reaction into electrical energy at-a’
tenper%w@tdﬂoab@mzzoc to about 550 C. A. gggtgrh agyaﬁportg conposite

menbr ane r aéhneheﬁssmhlmm SPIRSEF AT ng pr ot on. conduct or of a
nenbr ane -el &NB} 3 ssenblglpmpncohau&&%hhemﬁaldlydﬂéﬁmﬁﬂchem cal energy

The electronically insulating proton conductor could be cataIYZed. . msulatmg
e elec
Anol bodim fectronically
ent is a fuel cell compnsmg an e
ther iy erting cheuncal energy of 2

of conv
fuel cell being; capablc o )
- about 220°C to about 550°C.

15

proton conductor,

into electrical energy at a temperafure of

mamon pnsmg an elet;tromcally msulatmg

1 cell com
ther embodmlent is a.fue f
. the fuel cell being capable of convertmg chemical energy ol 2

at atemperamre of about 175°C to about 550°C, the
g no acld 1o mamtam

20 proton conductor;
| | reactlon mto electncal encrgy

comprise 2 refon:nmg catalyst.

Another embodiment is
atleasta chemical entity,

a fuel cell comprising electrodes and means, :
for converting chemlcal

responsive to exposure of of about 220°C to

into electrical energy at 2 temperature

ergy of a reaction .
. g}1550"0 Yet another embodlment is a fuel cell comprising electrodes
about

? hemical entity, for converting

means, responswe to exposure .of at least a C:

12



8 JAN 2005 PCT/ USO01/ 20032 WD 02/ 11226 el ectrica

about 175C to about 550C, the
containing no acid to maintain

capabl e of converting chem cal

el

electronically i nsﬁlnz'[ ?%gatprgt gﬁ”@ﬁr%‘w 20%

conductivity.
assenbly conprising an electronically insulat

ane el ectrode
Fﬁg 5 pr ot on conductor and

energy of a reaction into electrical
at a tenperature of about 220C to about 550C. A. nenbrane el ectrode

assenbly conprising an electronically insulating proton capabl e of

converting chem cal

energy of a reaction into

conductor and bei ng capabl e

of converting chem cal energy of a reaction hﬂggfgd‘ohtr cal energy at a

Egrrperature of a?ou%ﬂ%? C‘elg&—,@lpemﬁrgﬁmeﬂ{?
Diic@iiba energy i @ 185 it ain conij
assenbl y COUL?S év,ﬁe@mmm@lly e r
 abqas*CLERSRIN oD, A e
hydr i cmnduczml% al l y i nsul.
: rretné’lacﬁvgrl de: support %%Mmm fagps
corul,ggt@aeasmiwz o 50 2988 SPRE errbodrﬁfﬂﬁﬁr’
el ectroni m}é;r&ﬂ%%ﬂhabmmw@t‘wtgo ductor,
; comvhbﬂ1 m cal -energy of a reaction
‘ HPESE% re of about 220C to ‘about 550C,
el Hpri.sing ,an

cel | bei Oge m‘lf'l*se“coé nvertin
el ect r| cal
%‘glqﬁ Wﬂm

Bofabnwe

FLh

10

15

@‘;eﬂlfhﬁﬁ!ﬁlj
el eatiPBRY] ﬁg
I éoul din
conduct or capabl ?‘5*8*‘%
f uel corrprl Si aﬁmneaﬂéctl??élg
°°é‘%?° V,
anot. HeV: >di nent - w&eﬁ;ba]homﬂm
S et
fuel reform
conldbe 2 SYRERS gepgator.. The
x;datxonmllt-
insulating; proton.conduotor’
Ny 820&73'H20

'y i-nsul aﬁt |
congipatrbackion mtoﬂ@gtqc
%u acsystﬂg fon gep
be c35986 e
e &eﬁrer 8 aaonmRE A, £
el oot Efor Conv [
electri cal _éﬁﬁgyp SO oo oo
res p%géét\’leﬁf@tfem 35 | east a
e ontaining no acid to maaintain conductm
’ v
catalyst in the foel cell andlor an "
em
capabie of generatmg hyd:rogen. The syst o
shxﬁ reactor and/or ano
'I'hf; electromcally
(SZYO): polyphosphate GOmpOs!
Laossro 13009Mgo

B

| rconSIStmg of, Bascal ¥

- Sr[ZroaYMlO“
203 W% P, L, 51 with S
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1 CTI US01120032 WO 02/ 11226 chem cal energy of a reaction intol § JAN 200

electrical energy at a tenperature of about 175C to about, 550C the

el ectronically insulating proton conductor containing.no acid to maintain

conductivity. The fuel cell could conprise a nmemaTAif®1@¥dtt r ode assenbly

has gﬁ Ak ea specific resistance of a material having a thickness about 175
B “and a proton conductivity within the gap of Figure 1 or Figure 2.

One enbodi nent is a systemfor generating electricity, conprising a fuel

reformer and a fuel cell, the fuel cell being capable of converting

chem cal energy of a-reaction into electrical energy at a tenperature of

about 220*C to about 550*C, eéﬁﬁgbmmoahemmﬁét em for generating
el ectrici tmoﬂmnmlb@im@mésﬁﬁ’éﬁl rle}e(‘rcm

and a magﬁ ﬁg@ ctrode assenbly
conpri si ng an el ectroglle | do¥opi gﬁgleaposn@%m%?%‘?nl? Aletor,? t he menbr ane

el ect reaci@omBE%R F‘? 5 n%?capabl e of con %ﬁﬂ,&ﬂzﬁmlﬂombbutenergy of a7
reaction in Ifaug{oegébﬁamcﬂmtgyt%leﬁ&’e{%?%erature of about 175*C to about
550* CPmct% ectronicall y | nsulk mb@%ﬁan@ﬂYcont aining no acid to
mai nt gs@o(gmdtgenmgﬁm ‘W‘l"i"lé‘“s’ystem t he fuel

i@é‘%q’%f rfigul d be a syngas
generator._  The fuel oﬁﬁubmb@mﬂ-' or m ng cat alyst in the
sfuel cmsulatmgdreiengn g(cf%rnal

r ef or rer. P aﬁpd‘sing@na wat er .gas = shift
react o ﬂq_/| oPxtedationanto plfoin °ajre F ron| caI ly.insul fltl ng proton
condu 'S se

ected fr achemnmlstmmgt PieBy -13Nb1,
82CB7W1& a&?ﬂ?ﬁgﬁ“ {0@‘5(?6 Zr 09Y%\X} %@feﬁ@fgmssm yphosphat e
_ corrp05| te Al 1Lk Och dsg@o@eanmg%mge °o1l"wt %85i ; La09Sr0. 1
Sc09Mybo M and BaCe09 é xl\/D“}h mﬂ&,a&mmcmlyms@h%& Wi .and x=0 to
-y 0.4 (B%ca}m bt ng corrposm,@Fsrrenba&g&e aﬁ({le met al
) hydridéeTs sel ect ed fr. Wmmwg Ba al | oy, V2N ?Ti,
10/ Ni, phoTon comdn mﬁﬁt‘ LaNl 5 T F %I;Eigg\{?con&ihﬁor&nade and/ or the
cat ode Cﬁu! gm?gﬂpgé g;ﬁg@bﬂ@irﬁﬂﬁ Y non-nobl e The anode
de

and/ or coul d c&%&‘ tﬁyi,?y&bmagam@eﬂf W"‘F{E‘Bﬁqﬁg di ffusi on of
a gas ppidanmdimtprohy fons

he |.a gdctiddem t he  group
consisi ti I ng of tgam@kmmmmmﬁ ﬁ%&ﬁﬁ‘%ﬁ% J/ N 20 0

of an electromcally mSIﬂatmg proton

bly compnising depomtmg a Or

d rotons and
ductor on a mixed conductor capable of conducting electrons and p
15 conduc

the procursor tor convert the precursor to the electromcally msulaung
heatmg

£
conductor ‘wherein the membrane lectrode assembly is capable o .
pmmn ’ of a reaction into electrical energy ata tmpaa?re o

ertin; ener.
- g chemmal " ent: 1s a method for:

: about 220°C to about 550°C. Yet another: embodun e e precmsor
4 membrane électrode assembly; compns:ﬁg epom g

3 20 ‘.manufactunng ona med conductor capable of

roton conductor
of an electromcaﬂy insulating p m-sor to convert the S

duchnv electmns and protons zmd heatmg the' prec

electrode assembly is capable of con Vert:mg
| 25- electrical energy’ 4t a terhperature of about 1

chemlcal energy of a rcactlon mto
75°C to about 550° C, the '

mamtam
tectronically insulating proton conduotor contammg no acid to
€

1 an a:rbrush
duohwty The depositing of the precursor is by brush pamtmg o
cor

ed conductor is a Pd foil. The heating the precursor is under

mathOd o m range from about 100°C to .

" NHj atmosphere. The heating is at 2 temperature ina
3

30 about 600°C, preferably, about 100°C to abont 400 C
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PCT/ USO1/ 20032 WD 02/11226 Anot her enbodi ment is a nethod for o§vaAi aH
chem cal energy of a reaction into electrical energy, conprising exposing
an electronically insulating proton conductor ,@oﬂb@m cal entity at a
tenperature of about 220C to about 550C, and generating el ectronotive
f (enf) across the electronically insulating proton conductor. Yet
6
wo RS

r enbodinment is a nethod for converting chem cal energy of a

reaction into electrical energy, conprising exposing an electronically
i nsul ating proton conductor to a chemcal entity at a tenperature of about
175C to about 550C, and generatl ng el ectronptijv. LiBg(enf) across the
electronically i nsul atl n tﬁég{ﬁﬁ@ﬁﬁlﬂ “\E*I‘Eﬁé)&% the el ectronically
i nsul at mgmeﬁ{bdspf ctor contains @ﬁleé};ﬁéxﬁbrhme mai ntai n conductivity.
These nethods gou g&%g‘% f&ndmmﬁﬂt@é“@?BOQ ng the electronically

o

i g @éatrtgll Mt“b"ﬂ

tor {0 ﬁ o mmmmmgwr%‘acu ng -a chemi cal

entity ehdenbodi nent is a

entity
metdlﬂ&ﬁogé f’a tur| n a . IR IR s eﬂrmtarnﬁ’@@hﬁ se%bl y, conpri sing

e

deposh, tggc@nmws:mws ’an eI ectrom ca e)fhéwn ng proton -conductor on

a

- t hempring thesHicaP

Xe conduct or. £apab{e po fyph bep ectrons_a rotons and heati ng
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ener cﬁ}haalrenagvpéﬁ“f"‘ﬁ? ctric energy at a

%fhWtX°ﬁé *ect rode as . conpri sing

-depesérgl#h3 cursor of _an gﬁtﬁ@@@bb@ﬂ%ﬁi" rig proton conductor on a
mxgﬂ gg ﬁ,bg(amubakfl%eﬁ nducti ng @nggérg@%melsmﬁeﬂons and heating the
)pre r t

10 conais 050, 26R
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R e
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Rbo' &l ectri Calemﬁﬂﬁ L gNcimbdea t enper at ure of
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The methonds of manufacturing the MEA coul d further include prepafibiglAN Hé
el ectronically insulating proton conductor, é:afz‘fgomﬁm on of the nenbrane

. el ectrode assenbly, wherein the preparing t i

ectronically insulating

proton conductor conprises preparing silica particles, preparing a

/0 ozggjr

»phosphat e and m xing the silica particles and the of the
yphosphate to prepare the precursor. In the products and netbods of this

i nvention, the nenbrane el ectrode assenbly is capable of convering
chem cal energy of a reaction into electrical .energy at a tenperature of

about X*C to about Y*

than. the X, and the X

C wherein tﬁﬁ
and the Y are se sinvemqfl*@ opu conslm%)gb gc@{mezo 230, 240 250,

360, 370, 380, -~ 390, 400,

¥ agi 1}:%%; vélg(?ﬂo 3é0ﬂ‘f%%,e§%gp;§ 5081 (v8t0, 520 530 and 540.
Alefifper p

roducts a moﬂmooﬁn‘i I nvention, nenbrane el ectrode
assenbiyge#m ygmmxbpﬁﬁﬂeg onvertie&go eMEAaﬂB"UQ ergy of a reaction into
ebleoroly ¥y ener gy . out,

)ﬁ}; ut o€, wherein the Y is
AdeaniyiteS X and t he ‘éi%{%pddeberfméﬁet”sé ect ed fromthe group

gre
c®A%sting of(aig = mdifation het 210, 220, 230, 240, 250, 260; 270, 280,
29%es BOOESHE V320, 330 Qonmv:t%o 370 38 90, 400, 410, 420, 430,
440, 45 a@@mmmestaﬁ?ﬁn 490, 5qo Wg;,q; ‘3nd 540, the

ucto

el 508 38R |CaIIy géﬂ Mgnperleew
xpl

r 3i@i ng no aci d- contai ni ng
efﬁn.%

tiquid g‘hawg‘ ai’ ne‘g aclé)%y ECOP omomﬂé "MEA 'uses Nafion as the
EI PC. The gr&p&nsﬁﬁﬁ of "Naf i 5@@@3%%% bnically as the
laspelamlﬂ increase Wﬂ)@@ duct bvity. c Hlngnbe mai nt ai ned by

|ncr eaS| ae ) thus I nce.e mﬁl&eﬂ% ﬂ“ng poi nt of water and
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unl i @ﬁmfhﬁmt? rrpetl Qgﬁopd:remg 30 p_ nhori ¢ aci d doped
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tenperature up to and above 400C. A difference between the high %eﬂnﬁjéathgtzgq%
el ectrolyte MEA systemdescribed in this inventi ) and Nafion or PBlI ( both
pol ymer el ectrolytes) is that the high tem?@?f Safe el ectrol yte MEA

el ectrolyte does not require (a) humdification that Nafion does or (b) the
%}gsphori c or other free acid that PBlI requires to maintain conductivity.

) 02/13+2 |l ong-felt need in this art is higher tenperature MEAs. MEAs operati ng
at or above 150C would nitigate CO poisoning of the anode el ectrocatal ysts.
MEAs operating at above 300C woul d obviate the n ed for the 10 WGS
reactors and the preferential oxi dgﬁf@@amsstsmf’ﬁf woul d yield a much nore
conpact system and og'ein@wmstt ction %Eiﬁq% tc_al |y reformed nethanol
‘St Q@erphmﬁﬂ?éﬂ rrgg fawﬁlo E’T tenmperature fuel cells

fgy aefr ned‘ 'W &idsctoﬁn as rml ten gjmreﬂkpuel cel l's operating at

‘g aanmare terrperfa,t1 fagdie%lﬁp? are def gygrg s fuel cell operating
- bel ow 1%8&41@;;@2\151’ d§ ;ﬁg qg]telﬁediy trolyte fuel cells).
Howelftetiiat e t enper at, I’g_’ﬁbifnﬂfgpmé g are fhe g@gwcaﬁy this patent
aB”l-J-ﬂl@ﬁﬂ(ﬁﬂTOWpUr poses ﬁ\?‘ gﬁp@htﬁ‘é,‘a‘t’él"bﬁ the eferred internediate
erature Lolreeioksw [ s 150C tg frperature regi me
'tB 53erat ures % rhor m ng fnfﬁ?)lﬁ?n()' coul d be
qmuc;t{ﬂggnwtibﬂ(pﬂméf"? ceII ﬁ;ﬁ&h\eﬁuﬂ&r Pﬁ'r reform ng could be 20

In an, ex tsmeﬂa The gﬁlof the hi gh tenperature
;tneats?’é‘t"g‘mrs That | iyobt o O hligaebuT ky VIGS and PROX

reactors T mﬁl%‘?mﬁ%e | nabi I | dgsghﬁga’pﬁﬁﬁl ust menbr ances of ElIPC
- s pghe fNGY t'Fzr(!‘log% d| scus Mfm%égref er n%&fh{eﬁelwed by the use of a
y

nl Wido
prota‘gh‘%g '-‘s‘ufppor-t. J&rlh)hﬁm@npm(e cati,on, the support is
) to a%& Wé‘? rj mommmrﬁﬁces‘ed of materials such
| ascatﬁghc eégi “T1, M@mﬁnﬂ@% V2 are £loh dagbust and coul d
Crserve &gaqbaﬁnby ue gﬂ,fr@é hemxsmb s gni.ficant pressure
ensip ersi

. dr meta‘ lals. The dssjdrfwen Hydr ogen at ons
m%ws@é?ﬁe e surfmﬁ%E @cﬁohsafhﬁlfg‘keand -~ 30 located in
érs

‘ rahedral @fﬁi@ t|t @ dnechenii¥®O%bsor pti on of hydrogen
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conducting nmetal foil (or D conponent). Thus, the use of the me §, B Velnilg
foil as a support is an enabler for high tenperature EIPC that suffer from
the inability to be fabricated into robust nmenbrances. W call netal

hydri bes proton conductors for the follow ng reason. YhpRsaresnns are

di schg¥@eshibteom t he anode catal ytic surface, the protons can chemisorb as

hydrogen onto the surface of the netal. In order for the hydribe systemto
mai ntain neutrality, a proton is ejected fromthe opposite face of the 2
di nensional foil. The chem sorbed hydrogen can diffuse into the bul k of the

nmetal and diffuse across the foil to the opposite face. As hydrogen diffuse
into the bulk, they are replaced by new che egp_:’ Lafgn because

t he anode contmaamximr@omﬁheh@ﬁ@nﬁﬁ*&“&ﬁgc {Yg At}?%s are.generated -
when nol ecul ar hydrogpq |s stripped of two el ectrode yielding two protons
which m gbettmntl?»fﬁ Qﬁ allg ¥Smenbrance el ectrode assenbl y,_ \Q@ el ectrons,
whi ch are deli Xﬁr@% cge,tpégg@adswtmpmmrmm 9k gve,‘lﬁb c (face-

cent er ed- ‘cubi ructure with . a lattice pas aneter o of. 0. 3887 nanoneters.
Upon t he abso; N@m@ﬁodayﬂqmge’neetlh'ew%Pﬁ%‘en"’e'&p‘a‘rrBS“?*sor‘r opically
retaining its fcc structure At a low equilibriumpressure of hydrogen,
hyds ogen dbsdwtividy in the dilute a phase. Wen the HPd ratio is 0.015 at
298K, the Pd.becones a B. phase: hydri be . ‘wher e the Iattl ce paraneter is 11%

‘hi gher than that of t he met aI This incr ea e,-, i.ce parameter causes the

hydrogen di ffugiyi t A highitemoperature MCIHDEA i agsemp Lol atively rapidly
in Pd. This phenomeno V\;E&é qu&owl\mAmsmpanFmort for the
fabrication of Afh ?ﬁ?&gﬁ %“E? ns apabl e of. serving as. E@b @ne el ectrode
-, assenbli es, %&Rf 4§ scifeBiakit of Anohpolyntesr i e PR 5eT at ur e
) electrol yte

d bed t hi |
Lhggaddi { .mmﬂﬁ;‘éﬂa&é@& ! S(o%%#s?%ﬁ%tﬁ@é“ﬁ%?ﬁ?%f ﬁ?él A

proton conductivity.
thick. : .
Tn'the above dtagram, the composxte system, CII)/C constttutes an EIP
o éomponents CandDare bot.h proton conductors; a]so éalléd proton conductors

A multiple layer system may be reqmred when component D is also an electromc

The C components are EIPC layers that are mterfaced to D m a series

15 conductor
| overall a‘n EIPC. composfte that conducts protons .

fashlon. The compoSlte C/Di 15,
and, therefore, an e]ectromca]]y msulatmg proton conductor
~In Figure 3, component Aldsa porous gas diffusion layer and component B

" isan electrocatalyst layer Am0ng the several. embodtments of component A that

- 20 o couldbe used nf this mvenhon are. carbon papers carbon cloths metal screens or
B any’ eleetromcaﬂy cOnd five porous miaterial. The purpose of component Aisto
- serve both as a ctirrent collector and as a d1ﬁ'us10n layer that penmts fuel gas to
. d:ﬂ‘use through to the catalyhc layet: Among the several embod1ments of

nent B ‘that could be used in this invention are noble metals such as Pt, P4,

compo
25 Ru, smgle phase. and mlxed phases compnsmg the above ‘noblé metals ‘and mckel,

chrommm, molybdenum, osmmm, rhodium, iridium, rhemum, and smgte phase
and mixed phases compnsed of all of the above components
- One embodiment of the high temperature electrolyte is schematized as

CIDIC Whnl the high temperature electrolyte is catalyzed with catalytic layers

30 -. (B) the assembly is schematized as B/C/D/C/B and would be referred {0 as an

embodiment of MEA.
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t enper at: ureheﬂﬁ%beéwtecﬁsﬁs ol

2 ..SAN 2005 WO 02/11226 PCTIU SO /20032 The characteristics 28 AN #i0gh
tenperature electrolyte MEA systemcould be enunerated as follows: (lI) The
conductivity goes up as the tenperature is increased above 100 ( (2) No
addi tional |iquids need to be included in order tgcqRisti/mos conductivity.
mai Sh?] #29 A hi.gh tenperature nmenbrance el ectrolyte assenbly An exanple of
t N8 5 tenperature electrolyte MEA is shown in F . 3, whichis a
~schematic of a non-polyneric internediate tenperature fuel cell. 10 This
diagramis not drawn to scale. The Pd foil used for conponent. D was 25 pm
thick. In the above diagram the conposite system C/ D /C constitutes an

El PC. Conmponents C and D are both prot conduc @9 called proton
conduct or s jﬁldﬂ,grtvlaﬁh@ﬂﬁyﬁdbeybﬂ@mﬂ]ﬁ?“ Xt rsé‘% Trw%(fﬁ?/\ﬁl")lée}% conponent Dis al so
an el ectronic - 15 conductor. H& Og ggﬁ@t;pcar['ﬁescﬁbﬁ@Cf(Eyers that are
|nterf@}5&6niealljbcmnduah%l’ﬁ°g§’°f’ et e conposite &E) 3 overall, an ElIPC
conposite that co uﬁgﬁ;‘ @]gu,p(b‘)lﬁcﬁﬂeeemf(a)"@e appeaidlticOAY L o) | y i nsul at i ng
pr ot onsuch AGYAEHO gjure 3,,.conponen Nﬁplﬂghg\mqg‘;epgs;ngaﬁtadj ffusion | ayer
and COTRO gﬂgct%,mamwermaﬂmlyﬁca ayer. “Anong the several enbodi nents

B
of con‘Bd‘nent A that 20 ul.d ?!ﬁ th t‘;vbbpuomettlon are ‘carbon papers,
Lar bonwﬁh@id*EIP(}reThﬁ Ng& ggy el ectronically conductive porous

material . -The purpose of conponent Ais to. ugh to-the catalytic | ayer.
Anmong the several @bﬁgmf conponent B that could be used in this

i nvention.are noBI e hetal s such as Pt, Pd, = 25 Ru, single phase and ni.xed
phases conpri ‘Si ng the above robl e net aI s and. ni ckel ‘chrom um. nol ybdenum
- osmum-. rhodi.um mwcm;ﬂnwm and single phase and m xed phases

conpri sed of all Mot ‘the .above .c en c?ﬁbjaqbl(reﬁtbcﬂh t he high -
1'3‘88‘5&?%D/C V\hen t e hi gh terrperature

electrolyte is. Qat ftl,grﬂaggle}ﬁctreni:wpnd@h"gﬂ B‘) e assenmbly is
schemtﬁ%&o’%’“% uld be referred.to as an - errbodl ment of MNEA.

e bot h §mp§=' rrent coIIector and as a diffusion Ia¥ler th%t permts fuel
as to use 18 2.8 2t 0 1L LISO MEAs own 1 FIgWE, :
oo masa f;n% th,gg M élé&ﬂﬂ%

 3isthe folloswmg.

First a dense phase proton. permeable matenal mu
mponent The term dense phase proton permeable matenal is any matenal thatl

is penﬁeable to protons but nnpenneable to chemlcal species larger than atomic .

- hydrogen. The support for the EIPC layers 1s s component D. The suppo:rt 1:1 )

perm.eable to hydmgen atoms The support does not have to be an elec odlr N

- msulator and it is’ preferahle thatit xs ‘ot The support is permeable to hy oial
and stable to temperatuxes exceedmg 350 °C The support isa tWO—d1mensm B

‘ o
| 0. ' stable membrane capable of serving as a support for EIPC matenals Ifthe Suppo! |
2

| | electromeally insulating, then no add:honal EIPC is req red Examples of

mclude pd, Pd alloys and Vanadlhm aﬂOYS

supports
in In one embodmlent of ‘this jnvention, salﬂ dense phase proton permeable

tenal eompnsés a foﬂ of a nietal hydnde An example ofa , metal hydnde foil
mal

of Pd (e.g- PdAg alloys) and VINiIT 1, VINi, |

st be selected as the “D” ‘

15

¥ les mclude alloys
"25 is Pd. Other examp!

- V/Tiwhere Vis vanadlmn, Ni is nickel and Ti is titaninm. These matenals
| t. The thlckness ofthe D’ component foﬂ could be

constitate the D componen
-‘ the rangé of 510 1000 pm, preferably about 10 to 200 pm and most preferably n

the range of 2010 100 pm In one example, the thlckness of aPd foﬂ was 25 .
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$a,;AdIDCt ai C/ D or Itt the above tWOD cases,, (a) and (b}, § 1N 2005
Anot her variation would be a bilayer electrolyte systemwhere Dis an

el ectronically conducting proton conductor and Cis an EIPC. The schematic
for such a systemwould be (a) D or (b) DC \Ap(e]r. {hobs2) the anode
cat“zk}@ ayer Is in contact with EIPC | ayer and 1hn @B‘% t he cat hode .

cat ayer is in contact with the EIPC. The full MEN schematic for
these two options axe: EIPC conposites since the C | ayer blocks electronic
conductivity through ne conposite. One nmethod of making high First a dense
phase proton perneable material nust he selected a<s material that The

term dense phase proton perneable material is a of maki ng hi gh
Lemper at ur o8 Shachiatrs s Osarsbanin o gl B3 e HeoPEhiat 1, |

First a denSe se proton perneable mate SpoBentie! ect ed as the "
corrponweld%ecbmpmtd@bsﬁolﬂg‘aﬂ@% SE6H uoﬁ‘eéf&ggg% faterial is any materi aI

that 15 1s perne bI dnqmefmabl’ﬁletoompnmﬂt@alﬁ speci es l|'arger
t han - afadllowed BXSE aﬁgmg’ﬁg%g?%'%for the EIPC J|ayears is Conponent D.

Aot UL

The support pag@gﬁ@ﬁmeohmnm@eﬁoewemwmhevswp*cﬁ does not have to
o
be an e&atd%%fic I'nsul at or and. |1t Is preferable mat it is not. The

suppobglayaopmmmlécﬁ"&ﬁﬁ Y--and stable to t enper atures exceedi ng 350
%, The support aﬁ&?‘mw ﬂ@%i‘co;ﬁhahhgpruhlé capabl e of serving as
a support erra I f -the sup ortﬂngﬁ Itgomgpr ance capabl e

€ support is

ti ng ﬁ%g ﬂlqhthagaﬂlptﬁlsﬁﬁﬂc&crc‘eimsded Exanpl es of

- of seryjd ﬁ? g Electrdﬂmﬁymbﬁlp&
el ect ron| cally 1nsul a

suppor tefectrons. uI;l@WMﬂP vanadl um al | El}/s | n 9 . eénbodi nent of
this i n n gﬂ@@n @meprﬁimemﬁmﬁ conprises a
toil of ﬂ‘&fg?n?{mrl ¥

An exarrpl e, ?6? binaei's 25 is Pd.
1@ her s)rwmboni‘bsafmssﬁmﬁﬁn a? a@ oys) and VINI/Ti, VIN,

ere V I s_.vanadi: Milﬁ mﬁgdm&'lsystansmc cum  These materials
constltlﬁx@ﬁ%"fﬂ“ E’g& e th| ckness of the D conponent foil could be

in the ran O&Eanﬁs)eteh%ﬁthmalpreferabl y about :10.to 200 pm and nost

preferably t range of 20 tqg 1 H[p]mﬂ spife 5@})@1 the thickness of a Pd
foil was 25 Mm@@?ﬂﬁ"ﬁg’ s e R

2. Superprotonic water non—sto:chlomemc phase of MH(AO4)ixry) ¢ xH20
3. BazCapisNbi. 20573120
‘4!.,0551'13(304)4'05}120 | : S "
5 Orgamc-morgamc hybnd (CS-PPG), composed of 3-isocyanatopropy:-
- ene glycol)b1s—(2—ammo—propyl

15

1
tnethoxym]ane (ICS) and poly(propy
_ cther) (2-APPG), nnxed with pemxopolyhmgstlc acid (W-PTA), (W-

)20 . . PIAICS-PRGfor; short) B -
Y 2 Hyd;atqqofs:xcl;, -

: Inorgamc Systems w1thout water 7
Silver iodide tetratungstate Agoslis 3W4015
| Co1xNHERPOs, Cs1-<(ND2):D7FOs, a,““ Ky mmmwm

. KH,PO,. o |
Tetraammonium dihydregen triselenate, (NH4)4I-12(SeO4)3

25

B oW

CsDSOs
The matenals used for the “C”

30 . Hmit of operation of the high temperature € electrolyte )
component could be selected from the group below: BasCay.1sNby 3203 15-Ha

component determine the high temperature
MEA. Thematerial for

20



2 8 JAN 200
WO 02/11226 10 15 PCTIUS01120032 Second, interface a C conponent to one or
both faces of the D conponent to 'yield the conposite electrolyte system
sel ection of the D conponent is followed by selection of an EIPC materi al
(conponent C). The conponent Cis then adhered or pdeusei/ed to one or both
f ag@92Rl226he D conponent yielding a bilayer or tri-layer electrolyte

respectively. An EIPCis any material capable of conducting protons but is
el ectronically insulating. Electronically insulating neans that it does not
conduct electrons. Low tenperature ElIPC would include Nafion. phosphoric
acid doped PBI, and any proton-conducting polymer. H gh tenperature ElIPC
are typically | norgani c_or_conp ﬁe (r;at@bsttad s and pol yneric
(or gaW@BﬁMPO4 @Dﬂ)r@f@'&h‘({b‘?@b‘s@zﬁ)ﬁ@ﬁﬁ E Mesopor ous

ni um

zirco phos hat e %s‘g{a/ag;.el sig,ﬁtt}ngi)]mgBrmanW@ of inorganic and
C 0P O SecnkRinige ic systens anclu St rClonl c water non-

st oi chj aﬁd%g@%% of Mo MO WH@a M iG] o1 W, 9@6"'36?‘%% ; SNb1. a20873- H20
, ) g

4. Cs . Oganic- mor&gg it o g,aﬁhmmee) conposed of
3-i socm@ o!ﬂybt-tneseltettmefv??%‘t‘l'an‘é“‘( and poI y(propyl ene glycol)bi s

- (2-anf - no- pnCPyl - e2m xed wi th peroxopol ytungstic - acid (W
PTA), (GWPGW%GJWESC %#’ﬁﬁpﬁw Hydr at es Ofn@%gg\zl) ROr gani ¢ Syst ens
wi t hout Watyz Smp§iehtlelisa(mehederdﬁ@ﬂ* WI016  (NH4) , H2POA,

P

Cs1-x{ND4) xD2PO4, “and K1- x( gsamﬁcaenepmmzpm 4,
.Tetraamzameaxsuchdhwms'gﬁ’f’ﬁ et%gg‘] ehat (|\|H4)4H0(2?§53H 3 CSDSO4 The
mat eri al s us. ‘? W}égﬁredeﬂbﬁhﬂﬁ%" terrperature 30
limt 6911 t i gh- tenperaturg{e %l %{)@Ieyi@) . The materi al
)for C g&@}egm&anhs Aciewee if the HHRTE ‘éje up bel ow
Ba3Cal ."J sNbi . s2GCs. r 3- H2Q 20. WllZOOSZ )
10 cjonﬁuctht}' ofamatetlial 1sanm%1ﬁl§3!"\lpl‘0%%of‘@$&n

The Pd foil would have increasingly higher conductlwty as the y
ltemperature goes up because the lattice expands and hydrogen penneatton woo
'go up. However, whenever one. adds a Tayer in sexies the resistance aﬁwatysstm:lce
mcreases. However 1f one of the components has s1gmﬁcant y lrngher resi |
15 than the senes remstance is essent:tally the resistance of the more resmtlve
| component. The most resistive component would be the EIPC components y

When the component C layeris interfaced to the foil, the compos;te C/D shou
B be at least as good as Nafion.. The calculauons glve the thicknesses reqmred in
: | order to ensure that. Another way to look at itis as follows ‘What woﬂdtzappen
v20 o the ree)stance if one adds Pd to the EIPC? At the highest tempm;: e
) o merease in resmtanee would be negligible. Atthe lowest temperature, the EIPC
| eompomte remstance would be somewhat hlgher than the rmstance ofthe

film alone. However, the EPIC ‘would be the limiting remstor at a temperature

w:thm the “gap” regton of Figures 1 and 2 when fuel with a hlgh partlal pressure

25 - of hydrogen is delivered to the anode stream of the fuel cell contaunng the .
eomposﬁe C/D. ‘ :
The EIPC matenal ie., component C,is mterfaced to the metal hydnde
foil servmg as component D. The EIPC material conld be dispersed i ina volatile |
* solvent along with a binder matenal The binder material could be. no rganic of
° ed
0 organic. Polybenzmndazole (PBI) is stable to above 300 C when it is not imbib
3

C
‘with phosphoric acid. A solubilized PBI polymer could be included in the EIP
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WO 02/11226 (BCN 18); CsH2POA(CDP); Sr[Zr0.9Y0. 1] G3- 0( SZYO) ; Pol y;fh(gsplﬁ‘gtt gﬂﬂft
Conposite containing 19.16 w % NH4+, 29. 3wt %°, 1.51wt ¥%5i ;

Lao. 98t0 1Sc0. 9wy0. 1B (LSSM ; and BaCeO. 9-*Zr*M). 13- 8 where |\/|IS Gd or W
and x = 0to 0.4 (BCZMO). Al of these C conponent materials are capabl e of
operqﬁ ?M'égsthe 5 tenperatue range within the "gappcafuseiigesz 2. The
conpone I s adhered or deposited as a filmon conponent D a thickness
such that the conposite EIPC of C and D has a sufficient proton
canductivity within the."gap"” region of Figure 2, The units of conductivity
are S/cmwhere Sis Sienens. A Sienen is the reciprical of an ohm The of a
material is an. |ntr|nS|c property of the material. 10 conductivity of a

material 4 s@ ttrt—gereomsqeeﬁettomemmmn ‘Fieetihkd isepplied tocr easi ngly
hi gher conduc IVI ty as the ermeation would terrpneﬂr{ature goes up because

.~ the Iatttheenﬁnbhytutdeﬁnﬂaddyhhogmpsﬁegfcﬁeébﬁe one adds a

| ayer in series the r |st Ls‘m%?g)‘ I&lectedf one of the
conponen?@llﬂ% °§F’§‘|‘ﬁ°f' ‘tagﬁf?ftfh re5| %ﬁ%e an- etche series ’
resi st angg i Suosigea B Myek B besd tamtﬁoﬂthmMccesmeu ve conponent.
The nost resi stive: corrponent woul be.the CFIWI; nents the conposite

CID shoutatpatirmt Thieapesopesiinn taeth Setisn elt‘l?‘l"ﬁe foil,the
conposite. ‘shoul.d. be. at; on. The cal cul atlons gi ve
the thi clgHodgas wef] a5 papsp hen%gﬁ%?er to ensure t&at Anot.her- way to | ook at
it is as foll me;mewm;ememedmbmmm@eqiectrehce adds Pd to the

El PC? At the highest tenperature , .the. increase in ies ce woul d be
~ negl i gi b$)e¢€‘-m.t ﬂF(M@?F"’E PLYOERPSit ﬁ’@g ' %?ée@%tgl?ance woul d be

sonmewhat %g@%,ﬁtca eeﬁ'aﬁwwyétftmﬁeeedeaﬁdtmmme ‘Hovever, the
EPI C wou 1m

ti.ng resistor at a tenper ff9§ % ;Hé 03. gap
rRgi on ofatilygloreihe i)xnlant smevtﬁaﬂﬂﬁmeﬂeﬂﬂlstcﬁ“@ mglude l‘t‘f“ﬁ % 5 of .
hydrogen i s deI | ver t% a %&HW ﬁ@gatf]&&ls]g@wul@ont ai ni ng t he

conposi t%"l{?B‘ conponent C is-int erfaced to the
rret al - hyﬂl'clﬂ?!% noble metals, nnxed metal catalysts transmon metal cata]ysts ruthenates, :

pyrochlores and other catalyt:c matenals _
’I‘he result is an MEA system, whose usé and performance are now ‘
.15 | descl‘ibed below by nsmg the MEA. system ina part:tal refonnate fuel cell shown
mFlgmeS T o
(2)' Partlal Reformate Fuel Cell :
* The above-mentioned MEA conld then be dtrectly mcorporated mto a fuel
: . eell: 'I'he use: of high temperatute Cc components aﬂ'ords a htgh temperature -
y 20 - membrane electrode: assbly referred to in this apphcanon asa hlgh tempcratm‘e*
)T L electrolyte MEA system The metal hydnde D component is not ahrmtmg factor _
with respect to temperamre as tlns matena.’l could thhstand h1gher temperatures

- than the C component (X2 greater ‘tHari 1000°C) . : |
| The hasu: physical structure or bmldmg h]ock ofa ﬁ;tel ce]l conmsts of an

25 ' electrolyte layer m contact w1th a porous anode and cathodé on opp031te faces of _‘
the electrolyte system. A schemattc representation of a fuel cell w1th the
reactant/product gases and the ion conduction flow dlrectlons through the cell is
shown inFigure 5. Ina typical fuel cell, gaseous fuels are fed contmuously tothe -
anode (negatlve electrode) compartment and an oxidant (i.e. oxygen from air) is

30  fed contmuously to the cathode (posatlve electrode) compartment the
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foil serving as conponent D. The EIPC material coul d be dispersed8i dAd 2005
volatile solvent along with a binder material. The binder material could
be. inorganic or 30 organic. Polybenzirriidazole (PBlI) is stable to above
300C when it is not inbibed wth phosphoric aci dpchusal#hi2 i zed PBI
PRLY PBi1280ul d be included in the EIPC 21 WO 02/11226 PCT/ USOL /20032

) dlsperS|on The dispersion is referred to as the EIPCink. The ink is

~applied to the metal hydride foil and the conposite is heat-treated. The

i nk preparation could be optimzed for each EIPC selected and for each D
conponent selected. Alternatively, an EIPC |ayer can be vapor deposited
onto the surface of the 1) .5 ¢ rodaboin elegiisi tion net hods used
i ncl u@gcﬁaammﬂmomﬁmpl?ﬁ?taﬁgg%%g@%l ?ﬁat nmospher.i c pressure deposition
nmet hods. The el ectrolyte systemis then catal yzed on both faces of the

el ect coitgile system After the bila or ftr afe@pdsi te systemis
prepar ed, tﬂg Aqgmcswambstmﬁlécéﬁth%% Wﬁ‘%‘@ﬁ anode catalyst for the
fuel “side a cat hode, 19 ¢ alﬂ)(%{]ﬂ?ghbhéslﬂ&hﬁwmpbmmomh%de mat eri al s

syish B QP S n

coul d doﬂglgmenmﬁlpem%‘t' g obl e net al and xed. phase m xed
netal cat al¥ s ;['PPQS) Qgg@c@ﬁallganhﬁmhmplaﬁé@%%Y%‘%re?és n xed met al
n n

Scat aI netal catalysts,, r t L&éandéh‘(ﬁ(ﬁﬁ’h' ore s "and ot her
cataly éra wtﬁ@g&mmom@ehae grd system whose u,ie and
per f oryance ‘ar e. now. 1 esSCki @g&tgmcﬁmtyﬁuugglﬂoéhm@ min a partial
r ef orjeapetivel) ToaddiaBRE BN gure 5: (2) Parti %E{C]ggr@te Fuel Cell The
above- mentlo#lg%m%@ amnaﬂmmldséwynqmﬁ Slpate into a fuel cell.
The us¥®"5FYhH rrperature Cc og&ghm{&%@(agmmqneﬁperature 0.
menbr aﬂfghgtemtfmdﬁ %ﬁqﬂé o.1n this appl catlo?hgs a hi gh

) t enperature %e,& % ma&mt*ﬂ'&mtamcalﬂ)’?ﬁ ‘W«?‘% ofrponent i s not

1@ | i Aioffigue respect to t eraiura aeQOlal coul d
wthsta&%ﬁbg@é doﬁmﬂhmgs\aﬁfl?é Ct gnent e g .greater than

1000C) e basic phyS| cal [ e P 1@11!}]:#1111130@ 6cIEdof a fuel cell
consi stfoaloéllhardw eé"ﬁ&frl r '

ayer in_contac &qus -anode and
- cat hOdi’Hgﬁ eﬁ%?‘ﬁ:é &nﬁéﬂ:ﬁ‘ﬁm@&e@fﬁfﬁl %%Q%@?F%&schemuc -
repres 0 fuel cell Wth\%ﬁ'ﬁ‘h méﬂﬁnﬁw gases and the ion
conductg,gfgyf'rmdogxe@mtﬁa Margandg Y'hé |s shown in Figure 5. In a
typi cal- fuel cell qngdiﬁd,ﬁteamerdmwm%ousl y to .the anode
16negat |ﬂﬁﬂéﬂ9£ﬁo=8%) corrpartment and an Mt ARoulddeygeh from air 30
fed cont i nuoph%lﬁoda@mwmchathm ?‘Bﬁﬂ?‘l‘f ccgrggn{;rode) corrpartnent “the 22 8

-JAN 2005
 include the following: k
- 1 ceﬂ or. fuel cell stac
(1) In a stand- alone fue
(2) In a fuel cell mth reformmg catalysts m the flow ﬁelds of the blpolar
20 plates. . . - frmerhamga
' ) - . (S)Maﬁxelcentherma]lymtegratedwnhanextemalreo v

 reformer, preferennal omdatlon it and-2 water gas shift reactor. -
re

(8) In.a fuel cell thermally: integrated with only a’ yeformer. &' b uon
(5} In a fuel c.eﬂ with reforming catalysts'in the ﬂow fields in com inal |

-th an external fuel processor where a fuel processor comprises a rcformer

25 sor where & 5
water-gas—siﬁfter and preferential 0x1d_at10n unit.
(6) Regenerative fuel cells.
(7N Electxochelmcal organic chemical transformanon reactors. -
Fuel cells using a higher temperature electrolyte will outperform the state—
| 7 ture of opexation is
lectrolyte fuel cells because the temperd
: T o . e the performance of the

higher. The bigher temperature operation will improv
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PCTI USO 1 /20032 WD 02/11226 el ectrochem cal reactions take plage aB &W@ﬂﬁ
el ectrodes to produce an electric current. The MEA i s incorpor tﬁd $ t
fuel cell hardware. The hardware could consist of bipolar plates with fuel
pl enum on the anode side and air plenumon the 5 cpthedeysose. These

pl atves om1R22€| ectroni cally conductive plates that have grooves (i.e. flow
fields) that serve to direct fuel and oxidant to the anode and cat hode ~
respectively. In addition these plates conduct electricity through to the
next cell in series in the stack. The lands of the flow fields ( al so
known as the outernDst -or highest surface of the flow field) contact the

gas diffusiogn Ia g,pre&u@a‘on ingpt6ees3vith The A conponents
t hen coﬁ?@@fl""?ﬂﬁ %Ietbef%ﬁ(?ayers %%’xrayers e catalytic layers contact

ei ther a G ? @fahhgemsh@yehamhtemncbﬁmrﬁamuﬁbmﬂﬁé‘t A B fuel cell
har dwar e coul d

be obt ai ned fro e Cel.| QE% Publ i shed
by the ldn&ielﬁhﬁanmmo Ippreve e ‘éﬁef(rLtSE oigpnipg oLt ? nergy, ﬁ;Igederal Ener gy
Technol ooy, SeR el Bl Al o oplalibih Smmoo%oamsmmsed&mt 15

www, f et ¢igeer g ov,™ Ts 1ncorporated herein by refer ence The nodes in
v%l ch t%eg%%gt efaakw&o@éesmﬁﬂpmeﬂmnbmu&hﬂré agecd dECY M| ude t he

|1 owi ng: In a stand- alone ck. (2) In a fuel
cel |. Wi tihe fuel oeﬂmwgplkmtlahlyw gﬁ“ﬁ%?é?ie e%fﬁ&a %‘f%m ar (3) In a
fuel cell . therrra AT With thecfhelprocessaaf or mer a
'prefererhi ‘355? un| %ﬁ'&*} a J\;/\l./attﬁgﬁﬁagas shift reactor C( In a fuel
cell th ;ﬁltmngmrﬁﬂr  ivilitabg. When tl frekcellzperaies 2t {2%iCacel | with

reformﬁg catalysts |n t he flowf eI ds.in co &a& l,on: 25 W th an ext er nal
fuel pr c(o(a@orsnnmgeﬁrm PPSEL R et or ner

vat er - gas- shi I@? é:ﬁbfﬂﬁdﬂaéﬂmwmmmlﬁﬂ‘)gﬁeéeneratlve f uel
3| Is. (7) H [ em &a organl c chem cal liﬂl for lon reactors. Fuel
cel ts using arky &mmnwn@ltééfmlf'ﬁlé‘e OFPeS O he state- 30
of -t he- art I rrer eI f g@@égm%;d\@rrperature of
operat i cmfﬂiB 7 Yﬁﬁ eerrrlggéglt%u&r%e operat ion w I | rrprove t he

per f ormance t

| | The components of the EIPC are ammonium polyphosphate and silica. -

15 The amumonium polyphosphate and the silica are sepamtely prepared and then
blended to form a composite EIPC matenal as descnbed below:

(i) Preparation of silica
The preparatton of silica particles is based on the chemcal reactlon of

" tetraesters of silicic acid (tetraa]kyl silicates) in solutions compnsmg methariol or

20 | ethanol or other alcohols. The formation of sﬂlca partlcles by reacting teu'aethyl

s:llxcate in alcoholic solution with. water in the presence of cértain bases is -

described inKolbe, G. “Das komp]exchemlsche Verhalten der Kmselsaure, |
.Dlssertatlon, Jena (1 956): The method: employed in thls embodiment is the |
-1 Stober-ka—Bohn method described in Wemer Stober Arthur Fink and Exnst
25 | Bohn, “Controlled Growth of Monodlsperse Silica Spheres in the Miéron Size
. " Range”, Journal of Colloid and Interface Science 26, 62-69 (1968).
. The reagents reqmred for making the silica of one embodlment of this

mvenhon were the followmg
Methanol ethanol, n-propanol and n-butanol which are of analytlc reagent

30 quality and used as solven‘;s,
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23 2 WD 02/11226 PCT/ USO 1/ 20032 cat hode side because the cat hgck: ﬁ\'i\f‘?hﬁﬁcs
(oxygen reduction) inproves with increased tenperature. This i J

‘characteristic of Arrhenius kinetics. Also, the anode performance woul d

i nprove because CO poi soning of the anode catalyst is mtigﬁied by the
hi g ou@sgperature operation. Wen C conponents ar BCT/UEY/20 5 are
stable to tenperatures above 250C, nethanol could be reformed directly in
the fuel cell as well as in an external reforner. Since the fuel cell
operates at hi gher tenperature, thermal integration of the fuel cell with
the fuel processor (e.g. the nethanol reforrrer’) 1§ facilitated. When the

fuel cell operates at 150C, . CO poi.s put i nternal

ref ormng |stenaesta305$h¢1§ﬁ°1dit§’“'ﬂ@lﬁﬂéﬁ %?) @?cmgh@ggxﬁggﬁ ‘fent of this

i nvention is u preparation of the conponents of the
fuel celtfftfam%}‘y?ﬂﬁmﬁﬁ ?‘tﬁ"f"%%y hﬁatf J@ fuel cell of one enbodiment of this

‘i nvention ar W@gﬁﬁﬁéﬂ@@%pmtﬂ AndPr epar ati on of ElI EPC The conponent s

of the EIPC ar€ ammmoni um pol yphosphat e .and si ;i fANMONI um
pol yphosphat WMBYWWE&Y“QPE?‘%%F&?@T d”“p%‘%"gg‘gse?dé[g%%hﬁﬂen bl ended to

form a co Cﬁl te El P(Ptgg%te?rl al as described below. i PMAtation of silica
The pre ca particles is based qon the che (g\cal reaction of
tetraesters p%m&mpommnwnﬁxmmmed@mh%twomﬁs B ons corrprl si ng

met hanol .or 20 _ethanol “or ot her al h PR {reqdtigh Silica.
parti cl ' ‘_JFIEQE‘?‘PW |nga g In ?fcohol I c solution wi t h wat er

in'the presgug &q&%&ssm@]mmmwdegwd "Dos -
konpl exé’ﬁ@ﬁﬁ ﬁ'e@a erF

ten der  Kiesels sg Jena (1956).
The met Q@&@ﬂﬁ@@dﬂ@ﬁﬂ@%@dl r?élﬁlar”‘g%tbﬁ@ %IPEWI%TL’ %bo met hod

described in ner . St obe hEHEde mlémngQSIthmddMntrol | ed.
®Powt h @f“%ﬁggf’ 8‘ |ca%gﬁépr es i h the Mcron S zegpatgange Jour nal

of - Col | g, mlwwmmtmlcmhegolpw@#m@lﬁ Bnts required

for rrakl ng, the silica of one enbodi ah ng%p: rdd QRS hieshorer e t he
ofan ut anol’,. which are of

anal ytic g %&?%m{%ﬁ afitAbrhith h@aﬂ)xst&&dlmnmmeed. STReJORKOTHIZHOR JAN 2885 VIO
o 1'1 287 of ammonia in the- alcohol mixture was measured by withdrawing; small samples
and titrating with IN hydrochlonc acid. Total water. contents were computed by
. addingup 1 the ﬁ'achonal amounts of waier introduced by all of the components m
g thereactlonvessel ' _ - S
| Subsequently, a]kyl silicate was added to the reaction vessel moimted

elther on 2 shaker or in an ‘ultrasonic water bath.. After an initial phase where an

20 o | j visible hydrolync reaction forming s:hcm acid occurs, a. spcond phase, the
B : condensatlon of the supersatmated s1hcm acid was: mchcated by an mcreasmg

R A, schmanc of the process allustratmg the ﬁrst and secand phase of the reac’l:lon
. | are shown in. Flgurc 7. The w]nte suspensmn of silica partzcles is then ﬁltered
25 -~ from the solution. . e ‘ -
ii) Preparation of ammomum__‘_ olyphosphate _
Phospix;)mus Pentbx:de of 98-+% purity, ACS (Amencan Chemlcal
SO;BIBtY) grade, was added to phosphonc acid (85% weight %, ACS grade)
_ 10 grams of phosphorus pentoxide (P20s) and 4. 64 ml of phosphonc acid
were mnted in a 250 m1 beaker at room temperature. 4.64 ml of phosphonc acid

30
was based on the following calculations:



tetraester of silicic acid (tetraal kyl silicates) of technical ﬁ% ez)ﬂ];
tetranethyl silicate, tetraethyl silicate, etc); anhydrous amoni :

purity): and anmoni um hydroxide, 26Be (Baune(density P grade
(Uni t &0 &Y% Pharmacopei a grade) Pure al cohol or al E@ﬁb&a%ﬁ @ur es

saturated al coholic amoni a sol ution, anmoni um hydroxi de and water were

m xed in an Erlennmeyer flask (reaction vessel )w th ground stoppers or in
rubber seal ed injection bottles in the desired concerntrations of amoni a
and water 1 Mdlar - 10 Mol ar Anmonia was used as 10 a catal yst for causing
the formation of spherlcalqﬁfrtlcles of silica. 1t was added to the al cohol

- mixtures by adbiun@eeeﬁmlas 88 pae BrO = €K} 110-98hs143r= HNRBHIOKESt 0 t he -
reaction vesse c o S were desired in the
al cohol m xt urtrémg;h lg%‘ﬁmoﬁ& gdreéd%%&'bﬁg‘ol ution was used. The
concerntrat|ont&Qng,yoﬂch&a:ag cohol m xture was neasured by .
W t hdrawi ng snal | sarrples 15 and titratin w th IN hydrochloric aci d.

Total water coNeupaliy aéphosphasisucidds kyowminhe - the fractional anounts of
water i ntroduc Qg( € ROURPRSALS; 4 he srRachdioniyessel .
Subsequent |y, ﬁﬁ\ yl SI#I g%}fe was added to t%ﬂéeaétel%zgn vessel nounted
either on a shvbhﬁndxffphasphnnolhhdasbemakemaﬂﬂwbadﬁéﬁﬁfzt.@*mhn initial phase
where an 20 |nV|S|bIe hyd tlc re ctl n.fo ft id occurs, a
second phase, §> bfé%‘dr Q’&b‘a‘ ?H%?%Cgm d was

i ndi cat edGQM‘?ﬂ:n' R RAS Wg]gﬁ @@gpﬂg@sufg etk X Hurge’ oy a1 1-5 nminutes
after adding t tetraamﬁ/ i Ccat’e. A@E:henatlc of th?a process

| I | ust ratpmmredlenfanhp@ﬂata ph&@@cef'fheﬁ’eak@a’mﬁ@ﬁl’z%@dshowm in

ure 7. .The whi-t ensi o Lhtered 25 from
. sol uP 5@‘0 ed dfpgaﬁgé %ia%r%tﬁfgﬁgpo@&ﬁlosp Nate tﬂiosphorous
Pent oXi deﬂlgﬂ)z@gdﬁ/gcmgslcbmple%lﬁtdﬁm@ob@ho@hm acad (HBOg). éﬂy:) grade was added
to phosphoric aC| d 8i% wei ght. % (gpa %) rans off hor us
- pent oxi- deteyperggir a'@'d”‘?ﬂ d%ciﬁ o e?&‘l ot % ina 250 ni
beaker atg hdfﬁsa cidased on the
go,epglwag%%nggrmegm the Gb1&0at6 of PhaaeNRHd 6;901@

fol | ow ng cal 28 JAN 20 WD 02/ 1122 S01/ 20032 Nunber of
mol es of @@Wdom@ﬁemﬂwdhmmwg @B@%F%Ofmﬁhmr of nol es

of 5p hosp hd)or e slou(dy over a pe%‘%g o%o%? 45 minutes so that there was no froth
" formation due to the liberatlon of 002 Crude polyphosphate was formed in the
. beaker. _
The crude polyphosphate was punﬁed as follows. The crude
| : : polyphosphate was d:ssolved iin hot water, wlnch was then cooled to room
- 20 : temperature An equal volume of methanol was added to precapltate the:
o polyphosphate: Whlte erystals of polyplmsphate separated out in about 1 hour.
and were ﬁltered out using a Millipore filter pump (Mlcron Separatlons Ino
Magna Nylon, Supported Plain, 0.45 MlOl’Oll ﬁlter papers) The white powder
. was: vacuum—dned at about 120°C for 2 hours ‘and then sintered i m a tube ﬁ:mace
25 | (Thermolyne, Model # 21100) in an ammonia atmosphere at 300°C for 20 hours
to complete the reaction of any residual polyamd into ammommn polyphosphate _
 X-ray diffraction pottern of the final product confirmmied it to be ammonium

polyphosphate
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Basi city of phosphoric acid = 3 Normality of phosphoric acid is thcﬁmJAtl\be@
44. 6N - .61 1 r 866M = 14. 066 nol s/I|te o.F . phosphorlc aC|d -- -,

Vol ume of phosphorl c acid to be taken = 0.0691 14.866 = gtF A magnetlc
stirrOBEi2as i nserted into the beaker. An oil bat t?C(Tﬂﬁ”é’ﬁo r Gold
Vacuum Punp Q| - Welch, vapor pressure @25Cis 5 * 10-7 Torr, prepared
on a hotplate and nmai ntai ned at 200C. The beaker with the P205 and 10
phosphoric acid m xture was placed in the bath and stirred continuously
until all the P205 di ssol ves conpletely to ornpol yphosphoric acid

" (HP03). The tenperature of the bath was decreased to 150C and an excess

anount of urea(g.f__ﬂw@g ACS grade, in t} e nole ratio of 2:1 urea

and -pol yphosp{t%grt? R alBipBaRKdiaiNdd ty conti nuous
|ongl\purea was s dor 8 alcd i

stirring. The one s owa ver -a period of about 45
M nut es sgeltihgt nhitereofydyphosiheatetand nfwmscaled G90duy) stlizanhe00°Ctfer at i on of C02.
Crude povﬁjphosphate was fornmed in the The crude pol yphosphate was purified
as follo aﬁ%‘? phate was di ssolved in hot water, which was

thep cool ed t 26baEPRIRL Ure. . An equal vol unme of methanol was added
to precipitat g@%ﬂmoﬁﬁ—re separat ed out i'n about 1 hour

pol yphosphat e. In\dhﬁtembomaﬂlﬁ tprisescan; gleotrophamigally teestedPh M1 | i pore
filter ch el Ssééﬁ BRIt Rtain, 0.45

M cron f?’gﬁé‘g %%qﬁgﬁﬁﬁ?wﬂ%wﬁm é&%&‘%@%ﬂhm %k about- 120C for
-2 hours aﬁi@lﬁb@hy&swmonanas:aqhengmammﬁﬁmaaﬁerm@mbakmg/bdel # 21100)

in an amTonl a at rrosphere aft C, for _20 hours te-the reaction of
| any r esi dugder Hb phngspheray HM‘T'P émgﬁ)g)r > diffraction

g,rbtrl\ll ?(%%% (Sg@lsa%@gli&ér 01 /20033&( B? Prepar at on agfgmggggo:srﬁgataepc%

of one erthFigueedt of this |nvent|on is a conposite obtained by nelti ng a
m xture of pol ' ﬁl)alnoscal ed (490 nm silica at 400C for 20
“hours in anmorra: ~51.C) “Preparation of MEA In one enbodi ment,
the MEA - CO”D'PaﬂﬁﬁuﬂffoﬂbfomnbﬁmfﬂnehidsyobtaﬁﬂﬂﬁﬁnPﬂ)hmﬁonMaﬁheyvml ch the EJPC

o 2 IR ST oG h Jort A BSLE 43 B b our  haki g
u “Bef NH,yalogRs BHES od phléssa BIRREH iRy taihfesslfisdl aRcdieabiasa BakE PC. The
. press w1th 1800 Ib-force to make the foil soft aud ﬂat. Four small holes were
punched at the comers.
A solution of PdChL SOg/L, NH,4C1 30g/L was prepared and HCl was added
: _ to make. the soluhon pH 0 1- 0. 5 as disclosed.in “PALLADIUMANB _
0 "PALLADIUM ALLOY PLATING” by Ronald I, Morriscy, Editor Michael
, Murphy, M’ETAL FINISHING 2000 Guzdebook and Dzrecto;y .Ilssue I anuary 200
Volume98 Numberlp,pp289-290 e e e |
_ , The Pd fml was. hung ontq a hook made of a. Pd w1re, Whlch also served as 7
| a workmg electrode lead, and submerged mto the Pd solutton Another Pd. wn'e '

- 25 .  wasused as the counter eleetrode A plating current of 0. lA for 20 seconds was
-apphed on either side of the Pd foﬂ using potentiostat (VersaStat fromEG&G :
3 Pnnceton Applied Research)

‘The palladized foil was rinsed and hung onto a homemade frame stand at |
four corners by thin copper wire to prevent foil from curhng during the heating
30 process. '
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10 Pd/EIPC i s then sandwi ched between two catal yzed gas diffusion 1-dyedd 28
showmn in Figure 6. Fi) Preparation of the Pd foil Palladiumfoil of

0. 001-inch thickness, obtained fromJohnson Matthey was cut into a square
pi eceWsf0241226 3.5 x 3.5cn2. Then it was flanmed usi ngP@’Ui%/39%r ogen torch
and pressed between two stainless steel sheets using a Carver press with-
1800 | b-force to make the foil soft and flat. Four small holes were
punched at the comers. A solution of PdC 2 /L, NHC130g/L was prepared and
HC was added to meke.the solution pH 0.1-0.5 as disclosed i n"PALLAD 20
PALLADI UM ALLOY PLATING' by Ronald .1 Morrisey, Editor Mchael Mirphy,

METAL FI NI SHI KB Depdsitien of diedtieCampdn mqggﬂEG;m_dbgﬁﬁe,fo anuary 200, Vol une
98, Nunber 90. .-The Pd f.o s _hun n a hoo de of a Pd
‘wire, which aﬁglgczgga‘géaagglwagemqglahguﬁ%@ppgggq glg'&ra%ﬂ#%gﬂmr ged into
the Pd sgLuldidihe %%ﬂﬁgeh@m%q,gme@&cﬁ@ﬁ used as the counter electrode. A

plating current of O IA for, 20 seconds was applied.on either side of the Pd

foil using poﬁdﬁﬂh&%ﬂﬁ@asﬁ@&hﬁ?&ﬁ@@ﬁnﬁ*rﬁcﬁi@n Appl i ed Research).
The pal | adi ze i | and 9 QL meaad stand at .

f olir corners &5&3@ °hwé%%@83“&ﬁg %evgﬁ&&ﬁﬁyw E’r rlg‘ﬁ tduring the
~heati ng gRERPOPaRERicadton S611NL - 08 éﬁﬁ&&dﬁ@ds@@hﬂsﬁ@@ﬁﬁn @iztek, Deposi tion of
t he ElI PC upon the cathode side of the foil EIPC and sjlica gel_ were m xed

at a nol @@ﬁlW@fmmgﬁ@nP@ﬁﬁd’nHOWﬁdW@%ﬁé@l yiler peinffastd hi onet ri c

rati o of tF Eﬁ@%%ed N {ﬁ}é’h § 6 NH3 + 5

H70 5 I\/e% iE noq’ﬁl\%fva%l%a l?loéélﬁl?é susp@ﬁ@%c%s co%%%lﬁt S%I rred.to -

prevent beﬂspﬁ‘séttemlym'dssﬂmlﬁiﬁ)ﬂl settling. The suspensi on was ai rbrushed
ng Aztek, ' 3200 o BLl DL ushi Nt o.one side. of the Pd

. ié under an é fﬂjb 5@@%’3% oL &i(ﬁ%me% ¥$Pat ed away -

qui ckly aﬁ&rl@igl:&n% eﬁétuo@@ﬁ}rt&@h&nsaﬁaﬂﬁﬂmwauwa%mthe Pd foil. 10
After one | ayer of . EIPC was dispersed, the Pd foil was baked in an oven

under NHEmperaiBishdhen asecend %W@%@W@n@ﬁb‘?%}w%ﬁde@%om to room

t enper at SR ?Q% i?ﬁ %@% rst. | ayer and
“then redM%mdammnl a a Od& our.s: #ﬁas pr cegtse?q%%hrepeat ed until 4
Iayers Mmmmﬂye%fﬁhﬁ&ﬁﬁhla&&w&mhem%ﬁm waly subjestaddof oi | was

JeCt eg\étgﬁl !:51%85 3 ahg%k QQBOWOI ’7ath pb[%%& 1tav¥ras£i88tca:re]zi?o 20 hour S

nit
300°C for one hour, 200°C for one hour, 100°C for one hour and ﬁna]ly to room

temperature 7
(i) Catalvzatlon of the BIPC deposited Pd foil .
: The Pd foil ‘was saud\mched between two h1gh temperature PTFE gaskets
20 R obtained from Dewal mdustry RIL Platmum ink (Pt mk) made by mlxmg Pt
' blask-obtained from ‘Johnson Matthey, fuel cell grade, and lOwt‘V of EIPC
powder with isoprepanol, was sprayed onto the EIPC layer side of Pd foll Pt

......

‘blackis hlghly dispersed unsupported platmum partlcles W‘lﬂl a typlcal surface

i "armof65m pergramofplahnum. h R
@) Citaly: tlonofthe 'asd1ffu310n1a ers - ,
Elatisa trade name for a brand of carbon cloth. Double sided Elat (E- :

Tek, Inc. ) was cut inte squares 2 cm on edge.” The totdl area of the squares 1s 4

cm’. Double sided Elat is 4 commercially available gas diffusion electrode. It

consists of & pain weave carbon cloth of 3.4 oz/yd® (116g/cm®). The thickness of
30 this cloth was 0.36 om. The side of tlie_ GDL that faces the gas side is wet:

proofed by means of a hydrophobic fluorocarbon/carbon layer. The commercially

25
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il
300C for one hour, 200C for one hour, 100C for one hour and fi nalzl)a r’é‘Nré@%
tenperature. (iii) Catalyzation of the EIPC deposited Pd foil The Pd foil
was sandw ched between two high tenperature PTFE gaskets 20 obt ai ned from
Dewal WR&YER?, R . Platinumink (Pt ink), made by mi XERYSB2008 50k
obtai ned from Johnson Matthey, fuel cell grade, -and | Om % of  EI'PC powder
wi th isopropanol, was sprayed onto the EIPC | ayer side of Pd foil. Pt
bl ack is highly dispersed' unsupported platinumparticles with a typical
surface urea of 65n2 per gramof. platinum 25 (iv) Catal -lion of the as
di ff'usi on Iaé%ers Elat is a trade name for a brand of carbon cloth. Double

si ded El aavailebleat wasthen modified ag follows Rijolawesthen printed ogtdgne The total area
of the squ S .a Co r cizal | vai | abl e gas

1 et ont 8P oS aTRHILERM AFRah) iR RO T L TR B of 5
0z/yd2 (dchibld-sidkd Efdat Biicdinetcoveh at Sfinipetature bo110°0der Dhet tom The side of
the GDL that faces the ga?11 Sldell S vvetuproof ed by neans of a hydrophobic

fI uorocarh"@ﬂﬂ@a&%ﬂ alFlly 28 WD 02/ 11226 PCTI USOLI 20032
%I | abl e El at%%@g%g ed.as follows. Pt ink was then painted onto

oné -side of t d El at (E-Tek, Inc.) whose'sizes were 4 cn2

each. Each doﬂm\_ Mtﬁbﬁtelcdb dried in the oven at a tenperature of

120C for 1 ho pr.o a ca alyze di ffusi (&@L). (O Fuel
Cell. Testing- UT‘Y ' .t}ﬁg‘f"’?fﬁgaﬁfiﬁmg%g’fn tjég“t Ei’Céﬁ were placed in
the wi ndoy srdegﬁ%mhctwﬂmfb@c cm@azp@sssﬁméhe&%&%h Wbt h Pd/ El PC.

The Pd/ EI PC'i's sandw ched between two _catal yzed GDL, |eI ding a structure

desi gnat estalyzediGEPL, el  dpsignated as GNP ARG/ Yhiss then inserted
-~ and sandw_c ‘Q( ! & he 'PTFE

: ngets X ‘g‘g'l w?@ﬂ%e%@gg@@@ﬁ%n eEEth‘é"Pgﬁ-?‘éa%e assenbly
corrprl si ngith BENELGDE Hf tHeFHIFR #4kitd EXToking the GBL regxm&istshdwimi ween two
graphite bl oc th fl WfleLds 0.1 see ‘the end bl ocks
ot B gur e § %@ﬁ%@s‘ Yetmative Bt PR AR RS e "5 O
‘referred Q8 bpBitd bibdes wﬂiﬂ?ﬂéﬂ&ie%dé%h{ intoSthe SSIFAR AR4ha'S

FF/ PTFE/ G'DL/ Pdf EI PC/ JI'PTFE/ FFe. ™" cel| flow field graphi te

bl ocks a@dﬁm(’fﬁmﬁ@ﬁ@f%m#ﬁ&@%%‘dﬁsE%hMWWC@ﬂstvvo cylinders as
' aI gnment . I ply) Operation of
thg fuel © %ﬂ;%ﬂ@%%d’@iﬁ? ?ggﬁsle eﬁﬂs ?éggaggﬁﬁhg@ﬁot -press (Carver
l.nc. I\/DCIWEEOM}DWM'EEE&? ﬁllmtfad&eﬁrﬁkbmd graphﬂeblosks arhﬁkedimof uel ceI I
bl ocks just tauched.t eb
appropri teposmons ytheuse of two cyhndersas ahgnment pins. The EIPCwas
Iocated on the cathOde side.
S i _.'_'_,_“‘tlonoftheﬁlel‘cell R T TR
20 . The ﬁlel cell assembly was placodmahot press (Carver Inc Model C)
< with heated platens and was pressed so, that the fuel cell: blocks just touched the
___hotplates 'I‘wo'_”\
1 electncally msu‘.ate the graph1te ﬂow channels from the hot press plates

A hydrogen and oxygen sh‘eam compnsmg 100 standard cubic cenhmeters

eets of Kapton (tradename for poly:mlde) were used. i .

25 B per mmute (sccm) of hydrogen ; and 180-sccm oxygen was used as. the fuel stream.
By 'I‘he fuel stream was hum1d1ﬂed at the temperature of the spargers. Priorto
'entenng the ﬁJel cell assennbly by passing t'ne fuel stream through contamers of .
. water. These contamers were called spargers. A spargerisa contamer that is
'ﬁlled wrth water. Gas is mtroduced into the water through a frit. Tho purpose of
30 | the frit is to disperse the gas mto the water via the formation of small bubbles.
The gas then exits the sparger and is then dehvered to a reactor. The purpose of

29



hot plates. Two sheets of Kapton (tradenane for polyimde) were ugeg baN 2
electrically insulate. the graphite flow channels fromthe hot press

pl ates. A hydrogen and oxygen stream conprising 100 standard cubic

cent i Wef@fi$22625 per mnute (seem of.hydrogen and 18CEYSM08¢gen was used
as the fuel stream The fuel streamwas hum dified at the tenperature of
"the spargers. Prior to entering the fuel cell assenbly by passing the fuel
stream t hrough containers of water. These containers were called spargers.
A sparger is a container that is filled with water. Gas is introduced into
. the water through a fri t. The purpose of 30 the frit is to disperse the
gas into V. | 0 arbef Wés then exits
t he spar gﬂelgs%ﬁg&ﬁékt %‘&g |ve%v?%ra&?§;ﬂ?tdgrag&l%&§usrpp§e of 29 28 JAN WO
02/ 11226 fRéatédta/ 7000281 the gas Bow raerthiongh thespangerameere R stgadardvi t h water. The

- anode and at hoge Eegsal\)éers wFre preheated to 70C and the-gas flow rates
t hrough t hdard cubic centineters. per mnute (s )
The oper at i on e dgapatiol 8F the Fhel cEI0 for Test 1)kl (B expianed oiphavaed bel ow, was

5 as follows. Ntrogen was first passed to both _anode and.cathode flow

figlds t asdoldpws. H&:@smgeer@rstpwdatp aenﬁemdéiaﬂwég flgwdisldised bet ween the
spargers .and he . f uel I The hot

pl at es or{ﬁt‘)ﬁghghosagrgﬁrﬁd é{g'g’teeagp‘% gﬁlﬁ?\gﬂ%%g’? s?%n'g&hgratel heated to 100C
andf t hen th?ﬁ%geé%ﬁetldwmfeamm 1@?:’65?1% T?hmgeﬁegﬂmgie aeﬁt er nal _

- surfaces of the fue ow fie c e e oxygen'- -
pr e- heat epthade sidgs ?ﬁl@b@t""?ﬁé‘@e‘ilﬁ’c@% é% &iBtFat ure for the
graphite &gggﬁsn?sgcsgrpﬁ,ﬁam §§ HOWaf hibhebsRIFRicOmMAR floWchigBRskat 200C, the

fuel and oxI hydr ogen and,_oxygen was delivered to -the anode

atdct cat hodem&m&ﬁemygmr&hmmaﬂmmﬂedﬁ%@°§ \@nce 2 5e8d¥ r ument s

Series 70 ss fl o ntr rol unit. 15 The
Uni t I ns% O%Et?ngpf’g?ﬁ%ﬁhﬁeﬁleo D%lggéﬁ ?{h& control wunit
were praGﬁléﬁ&ﬂatm ltlieﬁ:el diﬂtmﬂmmt&,amlofdtydro\genhaid}xygdnwaﬂ Test (2): The

oxygen preheater was nmainta 250C. . Once 3 eady tate terrperature
“for the. éﬁh’ﬁﬁiﬁg’tbﬁa’é‘@ %?%h? %% ys Mty t ai ned at 250C

the fuel é?fe&fw&ﬂ’o%&ﬁr&%%ﬂ%bﬁ%dx 41 @8ircl un th 20 the
exception that tgoe cell tenperature was 250" C Fu%l Cel |l polarization

_eXper i mefhs Undt Iasiiaments Mass fow lsomfteaies aie@ﬁlem%d@ml\mﬂ’fm&mm ab ,
-gE;:ng:h\(/aEH %%ﬁoﬁﬁ% t ?&r’mer at’ ur Zggrcr ((a'?test/erl)s uanV(ZJIEaE)gge( t est
2) by applyi n@g}_@r& ompgmﬁrelaéaermemmtaﬁe&at\ﬁaf’ﬁ Onge ¥/steady a ti me peri od
state temperature for the graphite anode and cathode flow field blocLs was
 attained at 250°C the fuel cell performance data were obtamed s in test 1, W1th
20 . the exception thiat the Gell téihperature was 25030 e
| " Fuel Cell polmzaht)n expenments were done for both Tests (1) and @)
.' with an Autolab (EchoChemle BV, ) PGSTAT20 potenhostat. 'I‘he current versus
voltage curves were técorded at'a’ cell tperamre of 200°C (test 1) and 250°C
- {test 2) by applymg various potentlals betweer 0.7 \'s and 0.1 V for a time penod
25 - of60sat each potentlal The follomng ﬁgure shows the I-V polanzatlon curve at
o 200°C and 250°C. Hydrogeii 1oses electrons at the anode catalytic sirface. ‘Each
E .dlaton:uc molecule of hydrogen loses two eléctrons ahd becomm two protons '

CD

The two electrons are dehvered to the extemal circuit. The protons pass through
" the Pd foil and then through the EIPC layer on the cathode side. The _electrons g0
30 through the external circuit, where work can be performed, and then on to the
cattiode catalytic surface. At the cathode catalytic surface, protons coming
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25 of 60 s at each potential. The follow ng figure shows the |-V
pol ari zation curve at 200C and 250C. Hydrogen | oses el ectrons atztgnem%cg%
catal ytic surface. Each diatom c nol ecul e of hydroge&éﬁﬁﬁinb el ectrons
~and b¥HREd22%wo protons. The two el ectrons are deliv ' ext er nal
circuit. The protons pass thro the Pd foil and then through the EIPC | ayer
on the cathode side. The electrons go .30 through the external circuit,
where work can be .perforned, and then on to the cathode catal ytic sur f ace.
At the cathode catalytic surface, protons com ng 30 WD 02/ 11226 PCT/tJSO

~1/20032 throu h the MEA, electraons fmzaﬂ,he exjernal _ci ré:lwt and oxygen
fromthe Hue Mqlecgg%ﬁ@@ ?i“éﬁ" Sreyt andexvgen fiopy Eﬁ%sm cal reaction

descri bed %ﬁg e Anode
React i on: P ﬁ%@%ﬁﬂﬁl@@o@@eggﬁi%% eac |on %Ilr%iﬁhﬂﬂg % ' H20 Tot al
React i on: cdwberdé&@rititd bythd-followies rdactiohsig force for the above reactions is
the free energy of reaction for 10 the conbustion of nethanol w'th oxygen,
which is a spontaneous reaction. The rate of the. reaction is described by
th current asAﬁg&é@gcb&ppgfepgﬁepgéal ‘The performance curves for test 1
test 2 are sown I1n Figure 9. Fuel Cell Performance Data Figure 9 shows
fuel cel | perf GatiadcReastionds O, H¥ dn2e NéhBnstrate that 15 this invention
i s capabl e of el ,,cel | formance curves at tenperatures
‘hi gher than phﬁgtﬁﬂ%ﬁcﬁg%ﬁzdi (C@i '}cgﬁs and al kaline fuel cells, yet-at
tenmperatures [ower than nol'ten carbonate fuel cells. The above'data al so

show t hat -th_e_ erfarmance of the MEA [nproveg as the ure is
i ncreased. Prl'gﬁ %m&fw%%ﬁbpw%m&éﬁegﬁmﬁaﬁ %turves have

3y D obt aj0e 0 BhstRAUF mefrlSt with C@ﬂéﬂfstd éﬁohtén&fustréﬁmﬁﬁpﬁhe Wwhose fuel
ce performance curve 1s s In Figure 9is 1.0 X 10-4 S/cm Gven. the

val ue of tataeoﬁthmacuomsﬂgsc@edbnethemtaaafmmmﬁp@tem@ dhecul ated t hat

‘woul d yield.a filmwt t R Co resistance (ASR). The
‘criteria m?%‘ﬁq?ﬁﬁi Q%gééf ﬁ%g'%r]g?? HS%e of the MEA should be
conparable to , 'rhizﬁlcémstance of Nafion at. 80C 25 which has a
proton conductivity simlar “that ~of a mat Eat ﬁ‘é’g %?e within the
gap of Fi gure?‘&“@r&ﬁhﬂmﬁ%@g W‘ﬁe%%ﬁﬁ S8t the EIPC
Sti%h thagy, mmg@s ‘%gébléﬁﬂmﬁ mar&n%ﬁmw ¥t Sgaaka@nt to that
at

‘Naf i on done as lows. Conductivity 6 ("in Sicm) = L/(RA)
30 Wer e Mghsthmlmmmamdfudogusanulbalmqéuﬂ@gn%ryah@téemne@zw&nd Ais the

- areain cl wer éu%n molten carbonate fuel cells ‘The above data also show that the.
- performance of the MEA improves as thc temperature is increased. Prior to thls
 invention, o fuel cell performancc curves have been obtained at about 250°C.
20 . '_‘ The conductmty of the EIPC whose fuel cell performance curve is showh _ | - '
| o u in Flgure 9 1s 1 0 X 104 S/cm leen the value of the conductmty of the EIPC, a
: tlnckn&ss was calculated that would vield a film with a selected area. speclﬁc
resxstance (ASR) The cntena used was that the area spec:ﬁc resistance.of the '
- MEA should be comparable to the area speclﬁc res1stance of Nafion at 80°C
: 25' - whlch has a proton conduc’uwty snmlar 0 that of a matexial that Would be within
| the gap of Figures 1 and 2. The selectlon of the film thickness of the EIPC such " |
that the MEA has suﬂiclent proton conductmty eqmvalent to that of Nafion at

80°C was done as follows.
Conductivity ¢ (in S/cm) = L/(RA)

30 Where L is the thlckness in cm, R is the Resistance in Q and A is the area
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"~ 3: Thi ckness=2

2 8 JAN '2005 WD 112/11226 PCT/[US01/20032 on a 5 en2 fuel cebh '@%ﬁ%@
Specific Resistance (ASR) in 92 .com= RA = L/ o For Nafion 117 t 8

el ectrolyte resistance is in the order of 30 mt2 Hence, ASR for Nafion 117
at so®owmntes nonnal fuel cell operation = 0.150 DRGHUSOE3032he EIPC, the

‘thickness L was determined to.satisfy the ASR for = Nafion 117 under nor nal

fuel cell operating conditions according to the fornula: L = (ASR).6
Figure 10 shows the variation of ASR (S2.cnmR) with thickness of the EIPC
10 PM mcrons) for a Nafion 117 nmenbrane @80C d the MEA of Test 2, which
was tested at 250C. Fromthe |-V curve of the MEA of Test 2 (Figure 9),

the resi st anceAieﬁsgéﬁﬁ@Reﬁﬂﬂﬂhﬁ(ﬁ!SR tyQwae =cRAeUl/at ed fromthe slope of the
ohmc region as 1

ohns- The ASR for_this 76m,E] PC ﬁ&? ﬁs cal cul at ed
‘to be 75 S2. cFﬁZNaﬁOn 137 ab$0°Cotheplackplyte esistancerisn the ﬁlbm R be sinilar

to Nafion, ]Btl%c%b ', the ASR has to be about 0.150 [ .cnR (as that of
Naf i on 110}1 gure By reduci ng the ElIPC.-nenbrane thickness of the

‘MEA of Test 2 Hmﬂﬂllﬁrﬂﬁmﬂuﬂm B0, ufilmosmal el el eparationd= 15 m ( Exanpl e

13 of Fi gf;Jre 10 th|s ASR criteria was satisfied as shown in Figure 10,

i n3whi ch ﬁﬁhbrane refers to MEA of Test 2. 20 The thickness of the

El PC of the 1PES fhedhiditbst F.6w: é&%{eﬁﬁﬁu@&ﬂiﬁﬁsff%@ﬁskﬁsﬁific resi stance

for Exanpl es Itoﬂ%TSB Whlihch are plh'otted in Figure 10, are 25 30 . shown

bel ow Tmmwmmmﬂﬁd@wmgmmn@@r@ngm&szmw Exanple 1::

Exanpl e 2: Thi Pgo 8m Area Specific Resistance =50.64 Sl.cnR2 ; Exarrpl e
m 9 Specific Resistance =25.32 Slcn®; Exarrpl e

4: Thi ckness= ZMMgmMQMMMESIamem-}mmﬂﬁ&nQS&WE 5: Thi ckness
0.23m Area Specific Resjstance = 23 .n.cni 2 Thi ckness=0. 203m

Al@a Specnm(me@nslﬁméfaﬁogltbm@r%w@wgmﬁﬂhéﬁf\ﬂﬂf fess--0.178m
Area Speci,f.i,c_Resi:sta 0 152m Area
Spemﬂc%‘é‘? f’sa%gg&ap%ﬁngQézcrn ?%@ﬁ cknesséé 127 -n ; Area

‘SpeC| fic Wﬁoﬁnb&ﬁd@ﬁvﬁﬁﬁm calculated from the slope of the ohmic - -

reg:on as 19 ohms. The ASR for this 76pm EIPC membrane was calculated to be
75 Q.co’. In order to sahsfy the criteria that the ASR be sm:nlar to Nafion 117 at

| 15 80°C,the ASR has'to be about 0150 Q. cm? (as that ofNaﬂon 117in Flgure 10).

By reducmg the EIPC membrane Ehmkness of the- MEA of Test 2 from 76 wm |
(Example 1 of Figure 10) to about 0.15 pin (Bxample 13 of Figure 10), this ASR |
cntena was sahsﬁed as shown in Flgure 10 in wlnch “I'I‘E mbrane” refers fo
MEAofTest2. .. R o
20 B ~ The ﬂncknﬁs of the EIPC of the MEA of Test 2 and the correspondmg
0 area specific remstance for Bxamples 1 to 13, wlnch are plotted m Flgure 10 are
showh below: ) ‘ : .‘
© Bxample I: ’I'hlckn&sF76.2pm, - .Area Spemﬁc Remstance 75 97 Q em?;
_ " Exiimple 2: Thickhess-—'-SO 8pm; Arca Spec1ﬁc Resistance = 50.64 Q.cn’ ,- .
25 Example3: Thickness=25 4pm, Area Specific Resistance = 25. 3300 em’; ©
| Example 4 Thickness=2.54pm; Area Specific Resistance= 0253 Q.em’
. Example5:  Thickness=0.23um; Area Specific Resistance =0.23 Q.om’
Example 6: Thickness=0.203pm; Area SpeciﬁclRe's'istanCe <0202 Qem?;
Example 7: - Thickness=0.178pum; Arca Specific Resistance = 0.177 Q. cm2; .
30 . l' Examldle 8: Thckn&ss=0 152pm; Area Speclﬁc Res.13tance 0.152 Q. cin’;
Example 9:- ‘Thickness=0. 127pm, Area Specific Resistance = 0. 126 Q cm’;
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32 8 JAN 208' d PCT/ US01/20032 Thickness=0.1021im Area Specifig g JAN zggl
Resi stance =0.101 f -.cnR; Thickness=0.076m Area Specific Resistance
=0.076 O.cn®; Thi ckness 0.051 [Lm Area Specific Reicghgﬁ}gﬁm .051 n.cng;
2 0 THPOHAI226es s- 0.025pm; Area Specific Resistanc 721 Reformte
Fuel Cell SystenD25 Plem . Figure 1 1 is a schematic of a parti al
reformate system where the fuel processor is external to the fuel cell.
Figure 11 shows an internedi ate tenperature fuel cell that delivers heat
to the reformer. Note the absence, of the WSS and 10 PROX unit. The

enabl er to the above systemis a high tenperature nenbrane WO 02/11226 15
Exanpl e Eimnp@dﬂrpﬁhcknessm eAmBSP@qlﬁ@Rﬁ%ﬁén@tTQréghﬂé’ﬂ% hat coul d

operate at ra s fr 50 r quality heat to
be trans F‘PB el ‘%@@%ﬁj’%’ﬂ IA{%%S%" re %ﬁﬁ%‘% ﬂtl‘ll%ﬂ&‘?br nMer requires
beat i npﬁaﬁsraa%em&néseémmm ARASphdfic Resistankat-he0sl Qe is wel | known

that increasing the operating tenperature (150 - 350C) of the fuel cell
rel axes wamd. catal ysis demands. N ckel could be used as an anode cat al yst.

‘ Th adva qf t LS A B ahEddre dagperature fuel
coul%tﬁ ‘Hér?%lclcgg i nl rp’"f’e l%\?\ntsf'ﬁc‘a rg#lorrrer g,I{O}\t%eguffl ciently high
termera suffi gyent p rtlial £ ﬁtei‘he wstenof hydrogen to.load the foil.
Thus this system net hano en are all.fu The rtefornmer need
onl'y produce Higsee bbii g@”ﬁq?é’%ﬂé’é’gyaft??&meew gﬁﬁ%lefrgelPROX unit.
FUrther, plddgsGXRIRht Goﬁle%exeeilegaelﬂ sheWwe sl inatiediate telperarior mer . A

par.ti al ornmate cell could be 'made by standard tec nol ogi es

| ncor porﬁteﬂn@lmaedelprmdseﬁorﬂ@wm Noie the pbpenceof thegWGSandt ed at el evat ed

557 ERB i R A R MBS i bei g T DOl 1 29

el ectrol gmmm@pek@e ﬂaempahmr&f&mmﬂﬁo s¥0UI This oper at e at
el evat e_dpzcrltjrgtls h(lzgel:ll (lxnahtqs rrper %eutl"a%sferred from the fuel cell to the reformer. The
| | '-reformer requltes heat mput because the refonnmg reaction is. endothermic. Ttis.
 swell known that increasing the operating temperature (1 50 — 350°C) of the fuel
15 | cell relaxes the catalysis demands Nickel could be used as an anode catalyst
advantage of this concept is, thai the intermediate temperature, fuel cell could :
‘. be thetmal]y mtegrated with a reformer At sufﬁclenﬂy hlgh temperatm:es
- methanol, CO and hydrogen are all, ﬁxels ‘The reformer need only produee a
' -, sufﬁc;ently hlgh parhal pressu:re of hydrogen to. load the foil.. Thus this system . ' o
20 | f . | obv:tatee the need for the shifier and. the PROX umt Further the exotherzme fuel. B "
o ‘_cell couldrejectheatto therefonqe;, C o et e )
A partlal reformate fuel cell could be made by standard technologles

L 1aoorpOIaUng fuel proceesors Since the fuel ce]l 1s operated at elevated
| temperatures, the WGS reactors and. PROX unit are removed. The parttal
25 o ‘ reformate fuel cell of th1s mventlon would ] have the high temperature electrolyte
- system to enable the partlal refoxmer system to operate at elevated fuael cell
temperature , . ,
The partial reformate ﬁ1e1 cell of F1gure 10 is used as follows Methanol
and water is delivered to the reformer. The endothermic reformer is heated by
30 | bmniag the unos_ed fuel from the anode tail gas and by heat rejection from the fuel
cell to the tefo'rmer. Hydrogen, CO and some unreformed methanol exits the
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The partial reformate fuel cell of Figure, 10 is used as follows. peghxpl,
and water is delivered to the refornmer. The endotherm c reformer is heated
by 30 burning the unused fuel fromthe anode tail gas and by heat rejection
from wWeeoXuets cell to the refornmer. Hydrogen, CO andPEHWEOWMNES or ned

met hanol exits the 33 2 8 JAN WO 02/ 11226 PCTI USOL /20032 reforner and is
delivered to the anode plenumof the fuel cell. The hydrogen is oxidized
‘at 'the anode. The CO wi Il not 'poison the anode because the tenperature is
too high. The unoxi di zed nethanol and CO exits the tail gas and serves as
conbustion fuel, along with the unreacted hydrogen to provide heat to the 5

r ef or ner , refoi@eandsis delivsraledeninotio plebiih of die fublecelll Thohgddoparist i ng .
‘tenperature_ ra@tgﬁ of 250 C_and_400 C because,no MEA operating in this

t enper at uidizeghgdhe méepmcewﬂlwobeeﬁpq ¢ ApRflschegause ﬂt@?’ﬁﬁ?’aﬂéﬁ orming:
Met hanol 1’5%05?%& d&%ﬂﬂﬁt@h&raﬁﬁd@&l’ﬁeﬂ Enrl%%s f Since 10 the
I's I nve %es t

fuel cell ntion can operate at t errperatures ‘the catal yst
for nmet mmmmmnmgmmema@wﬂmﬂmgmmpmmmmm the flow fields

of the anogde pl.enum Thus a met hanol an be delivered to the anode
fléw flelrﬁfogﬁﬂpb’e“e“'cﬁﬁ\?élf?‘@ﬂ&#g“ﬁg‘a% g frlasy W‘tﬂ&@ﬁ@“ﬂ%w field. As the

hydr ogen ol @l o ! e reformng
reactlonr‘lm} (ﬁ%??egatslgateﬁ é?))%uct 15 s#%a % tin? ﬂép?tm% en i s produced
as the h)hdsp@emuelyheemmwﬁnbedt the anode. The concept of putting methanol
.reformng catal nfthefl .field is not- new - This strategy is used
in the mltenhé%&&-@ﬂ%‘ ceII industry. In that industry, -nethane

r ef or i ng cat rMRiribl i¥eRrnBE M BApaLRiksibirvee 25020 8nd B isthads. The

met hane i:s -reforned .internally and oxidized at the anode. Attenpts have.

béen 20 m&@wmsmmtmlopm@t##¢mmeem catalpdifon| yte fuel

cells. Q%ll est it enperat ure vvas.

t 0o Iow € upper | %E%b\é%% ﬁ@ {)peraéling Ottgrgrpﬂe&ﬁ%{lge%és al ways.

det er mi netntm. tThes aippeos hiethaholafm bb delivendd/todhe adodetfiont fi¢eld andbece t he

concept of thi vent i o per. Ssth e | QR ;- Of: 'Ele ne. ne el ectrode
“assenbl y°‘§t"e§t9€ RY G {Rat’i' ﬂgwefleffg ‘%ﬁ fRgenis %@%"al netics are
much i NPLOKE dnodEts efphiBb: ﬁeﬂeﬁ—&teetmﬁﬂ@waeym@smeet@hleemuwe t echnol ogy
of internal reformng.for fuel cells Wlthlntheterrperature gap - between

th® nol t side Gea: msABb aet is pegducedas thnbydsagais sppemgdiag tiegapdeel | . Data on
| icer o T BohebO TR AR 0l PYANEE it fhe 0 BT UGS D0
di f f er enThislstrate89 ivwsed #n tht:nuﬂleeoe&ome Fisch c¢ll fndastry Allnnhatmchistryof t he out put
can be ag %gnemt e?' el ?:Xtapy\étgr Oe%n@orggrgteg@ the anode flow fields. ‘The _
~ -methane'is reformied mtemally and oxndtzed at the anode Attempts tisive béen |
20 ‘made to reform methanol mternally i polymer electrolyte fuel cells The results’
 were very poor because the operating temperature was 160 1ow The upper Imut

of thé operating temperature was' always determmed by the upper ]nmt of the -

 polyrier eleclrolyte Since the ooncept of thls mventlon pem:uts the operatton of
- the membrane electrode assembly at even highet' temperature, the refonnmg

25 procws kinietics are miich nnproVed Thus the concept of tlns mvenhon enables |
| the teclmology of interrial reformmg for fuel cells within the temperature gap '

" between the molten carbonate fuel cell and the phosphoric acid fuel cell. Data on

" the reforming process is included in Fi‘gﬁe 12, which shows that the internal
reforming output is about thie satne from 200°C to 30’0’50 at two d'iff'erent flow -

30 | rates of aqueous methanol feed, Alnost all of the output can be accounted for by

hyd:rogen and CO,.
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2 8 wthout departing fromthe spirit and scope of the inventi on {h\’ﬁ’l Zgﬂ
this invention is not intended to be limted to the enbodi nents”s

is to be accorded the w dest scope consistent with | es and

f eat UWOL241%2€| osed herein. This application discl oseé)%ggg'@ ’gq%ir)lurrerl cal
range limitations. Persons 10 skilled in the art would recognize that the
nunerical ranges disclosed inherently support any range within the

di scl osed numerical ranges even though a precise ciples defined herein my
be applied to other enbodi nents and applications %O 02/ 11226 PCTI CJSO1
/20032 The above description is. presented to enabl e a son skilled in the
“art to make dhe abeve depaiptianispressated i ena ?W%ﬂﬁﬂéléﬁeﬂﬁ“ @dBntext of a-

particular, a \Y/ difications to the

pr ef erre@wgﬁﬁgwtﬁ%gﬁ@%%‘f%#e readﬁw&gpatr@rnat&?% ose skilled in the

art, andaﬁﬁ]ﬁ;aﬁ@ﬂ@ﬂidﬁsfeqﬁmdntsmwmoumwﬁcaﬁﬁnssm&ie@defeﬂemat| min the ntrary

vvould ‘et formtriunph over substa and al | ow wrltten cation

because. W@W&WW%YBEP é"ﬂ?ﬂ?"d&éﬂ‘ﬁﬂ@ he %8P osed nureri cal

rapges. : ﬂ:‘?e?i}é;aﬂ SaEat tLsfpEat e cl ai ns
%‘Q‘ge Rarr owed dur | Ségéﬁ&ﬁ't&ﬁth%ﬁ%d abagfph

that mg secution sinply because the applicants
broadl y dmhaﬁn@amngtﬂmthapphttmﬂ:scope ofithe intvieationni hes, thisinentionei r ¢l ai s

oubl | Sat it riennebe RRbeed sl oAb itk Sy hebRgBRL P nar n by

- 1 ef er encgide3bscps cofibiep Ntk 1%@&@@@@&&1@%@&@ as a proton
conducti.-ng as$senbly at&gt Ieas%ﬁg?lpe t enperature between 175 ' C and 550C

and desi gned . Wsmh@ua%d&ﬂoﬁséﬂmiwf%qmmbeﬁﬂPefWﬂsch conmponent

-~y conprise t r i h | aces of
) B sopPelteBule af ot Rbop R A et ol BB BE I O et ng
(LI PC) a@bnrmyrmtgemhﬁmﬂtmsgloseimmabfang@ aveothpagh epmmseorrp03| te

‘non- | d_rmmterial h t I, auh the FIPC -
Coati ng. EBEp FRUGGoR sper spied b SGRa irenp R ot PR BRERH g of.

i eSODOF%Sb ZoraG el iy aﬁﬁemécm{i@emm . A §ddingi9 flie. si;  Ba, Cai
1xNbl - -H{--) (BCN  18); 2 a](]SO4)4 Q! 5H )O:; "
' contrary would “let form mmnph over substanoe
15 description reqm:ement to eviscerate cla1ms that mlght be narrowed during -

prosecution s:mply becausc the’ apphcants broadly disclose in this apphcatlon but.
then mlght narrow ihelr clanns during prosecutmn. Fmally, the entire dmclosure
ofihe patents and pubhcatlons refen'ed in thls apphcahon are hcreby mcorporated

o ‘hemm by reference.
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an or.gani c-inorganic hybrid (1 CS-PPG, conposed of 3 i socyanat opré)p I
triethoxysilane (1CS) and pol y(propvlenc glycol)hi.s-I;2- amnino- [ﬁlglﬁM\é 2005
ether) (2-:\PPG , mxed pcroxopol.ytungstic acid (WN -PTA). (WPT

Al TCS-PPG ); a hydrate of SnCl, ; silver iodide te :tratLin a astate
Ag2,,,T15N '40'6; 1UL2PC a ; tetragqy ni  n i dihydrogen triselenate, (N
| 4)4H2(SeO 1)-; CsDS04; CslhPO 3 —(CIHyP) Sz"[Zla9~{i.~]G _c (SLYO):
pol yphosph ate conposite containing 19.96 NI14 . 29-i wt o P. 1.51 NN-t%
Si; Lao9 Skcl. sA opimponemi opki@8letasla protoardndabag assemblyat,aMeal dneQ ~ _ ; where
Mis nd zo0 0.0 4. e.conponent of claim2, wherein the El PC
coat i %g%g%l%rléggeseeg)i Zr%tcg?'qdaﬁ% é@?%@?sé@ oA HEs Yt Pegrdpadn afuehgelbi Ba; Cai .
~ ; Nowh®B@oinpdhent cdrhprides (BCN 1S j; 36 2 8 JAN 2015 Csl-1_PO4  (CDP):
Sr{Zrn. Ycl]O>-,:s (S77YO _ poiyph.osphat e conposite containing 19.96
W % NH4. 2 nistl opmeigt hygside supp@t hawngo Si ;. 1:a;,9Srr,,1 Sc;, yMy~, o | O

LSSM ) ; L 105 . -6 wh \Ad is Gd or Nd and x = 0 to 0.4
bevD) | 4 e e s bRl Speted wifan SieGfonuPBina e wporei al or e

net al condudtaig &P T yroating wigtiatodingebakgstt 8f fAbARhDr chid 9§lleurf8n-licﬂi1(!l ver,
copper, vanadl um | anthanum nickel. iron, chromumor alloys ereol’
The CcBHfd#Hent of claim4. wherein the metal or metal in the metal hydride
is selected fromthe group consisting of Pd, PdAg . PdCu, Ti, LaN ;,
TiFe and CrV,, VIN/Ti, VINN and VI i. 6. The conponent of any of clains
1-S, wher & n t heerrmprpeyof slaimtlhahasinathe FIPGepating doptrisdea imtésial, 000 m

The cERPRAT N Bk j Q. rein the thickness of the nmetal or netal
hydride Is 10-%?%@%81&11]%@: conponent of any of clainms 1-7, wherein the

area specimdsoporoestistoninee phdsphite pyesphpsmaN @04k | east one tenperature
bet ween 1 CcaanSSO(S is substaritiallN, equivalent to that ol ' Nalion 117
at 80C. 9P ety 9073'312 égborrponent designed to serve as an

el ectrol yt@&,iinse,f, beiu,o:
an organic-inorganic hybrid (ICS-PPG), composed of 3-isocyanatopropyl-triethoxysilane
(ICS) and poly(propylene glycol)bis-(2-amino-propyl ether) (2-APPG), mixed with
peroxopolytungstic acid (W-PTA), (W-PTA/ICS-PPG);
a hydrate of SnCl,;

silver iodide tetratungstate Agysl;sW4O6;

KH,POy;

tetraammonium dihydrogen triselenate, (NH4)4H2(SeO4)s;

CsDSOy;

CsH,PO,4 (CDP);

St[Zr09Y01]03.5 (SZYO);

polyphosphate composite containing19.96 wt% NH,', 29.3 wi% P, 1.51 wt% Si;
Lag ¢Stg,1Scn9oMgo 105 (LSSM); and

BaCegoxZrsMg103.5 where Mis Gd or Nd and x =0 to 0.4.

3. The component of claim 2, wherein the EIPC coating comprises a material

selected from the group consisting of

Ba3Ca1_ 18Nb1_8203_73'HQO (BCN 18);
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cel l.

. wherein said fuel cell is operable at at |east one tenperatugegi{p
range of “175C-550"C, which nethod conprises depositing on a netal "foi
coating defined in any of clains 1-3. 10. A i'uel cell conprising.

El PC

conponent of any of clainms 1 37

CsH,PO,4 (CDP);

S1[Zr09Y0.1]05.5 (SZYO);

polyphosphate composite containing19.96 wit% NH,", 29.3 wt% P, 1.51 wt% Si;
Lag oSro.1Sc09Mgo. 105 (LSSM); and

BaCeg g7 My 103.5 where M is Gd or Nd and x = 0 to 0.4 (BCZMO).

4. The component of any of claims 1-3, wherein the metal or the metal contained in
the metal hydride is palladium, titanium, silver, copper, vanadium, lanthanum, nickel, iron,

chromium or alloys thereof.

5. The component of claim 4, wherein the metal or metal in the metal hydride is

selected from the group consisting of Pd, PdAg, PdCu, Ti, LaNis, TiFe and CrV,, V/Nv/Ti, V/Ni
and V/Ti.

6. The component of any of claims 1-5, wherein the thickness of the metal or metal

hydride is 5-1,000 pm.

7. The component of claim 6, wherein the thickness of the metal or metal hydride
is 10-200 pm.
8. The component of any of claims 1-7, wherein the area specific resistance (ASR)

for protons at at least one temperature between 175°C and 550°C is substantially equivalent to

that of Nafion® 117 at 80°C.

9. A method to prepare a component designed to serve as an electrolyte in a fuel
cell, wherein said fuel cell is operable at at least one temperature in the range of 175°C-550°C,

which method comprises depositing on a metal foil the EIPC coating defined in any of

claims 1-3.

10. A fuel cell comprising the component of any of claims 1-8.
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