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free 30 energy that occurs when t HHeldofdnyemions gke pl ace. For exanple the

standard free The present invention relates to a composite electrolyte system for use in

either stand alone intermediate temperature fuel cell systems or in fuel cell

15 systems with methanol reforming catalysts within the anode compartment. The
composite electrolyte system comprises a metal hydride support foil or gauze
upon which are supported electronically insulating proton conductors on one or
both sides of the support foil.

Background

20 Fuel cells are electrochemical devices that convert the chemical energy of
a reaction directly into electrical energy. Chemical energy is the difference
between the energy of the starting chemicals and the energy of the product
chemicals. A reaction is a process whereby chemicals are transformed from
initial chemicals to product chemicals while maintaining the same overall mass.

25 In fuel cells, the reaction at the anode is an oxidation reaction and the reaction at
the cathode is a reduction reaction. An oxidation reaction involves the loss of
electrons while the gain of electrons is a reduction reaction. A fuel cellis a
galvanic cell. A galvanic cell is a device for extracting the energy of a reaction as
electrical work.- The maximum electrical work is equal to the change in the free

30 energy that occurs when the reactions take place. For example the standard free

energy of the reaction



energy of the reaction 1 WO 02/11226 PCT/US01/20032 2H2 (gas) + 02(gas) -+
2H20 (liquid) is the change in free energy when 2 noles of pure hydrogen at
1 bar reavos2zwizehh 1 nole of pure oxygen gas at 1 bar to pepdseeobiqui d
water at the same pressure. The standard free energy change for this
reaction is -474.26 kilojoules. That is 5 how nuch energy is avail able for
non- expansi on work, which includes electrical work. Aliquidis a
condensed phase. The free energy change for a fuel cell reaction such as
the formati on of water from hydrogen and oxygen is related to the cel

potential by the bgbtg%;ngb@g@pgugﬂg)@Qmﬁg = nFE where n is the anpunt of
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putting ener into the batt % rom an external source. The fuel cell, on
the other ha Clkp%ﬁm¥ﬂﬂ%%ﬁ %%HW@S%WBHmHeV|ce that theoretically has the
capability of prodUC|ng el ectrical energy for as long as the fuel and .
oxi dant are supplied to the electrodes. In reality, degradation, primrily
25 coty osi onAGrnifEl f uncti on of conponents limts the practical operating
life of fuel cells. Fuel cells have provi ded power for space shuttles for
a couple of decades. However, the fuel used in the fuel cells used on the

space Shuttle i s Ryof n ldtblinflou#ERE8Bns (%me&sﬁu&g@fﬁéame%@éntﬁyel cell the
electrolyte is catalyzed on both faces of

electrodes when the stoichiometric reaction occurs F is Faraday’s constant of
96500 coulombs per mole and E is the cell voltage. The electrical work that is
15 done when charge travels from the anode to the cathode is equal to the product of
the cell voltage and the current driven multiplied by the time of the current draw.
A battery is an energy storage device. The maximum energy available is
determined by the amount of chemical reactant stored within the battery itself.
The battery will cease to produce electrical energy when the chemical reactants
20 are consumed (i.e., discharged). In a secondary battery, recharging regenerates
the reactants, which involves putting energy into the battery from an external
source. The fuel cell, on the other hand, is an energy conversion device that
theoretically has the capability of producing electrical energy for as long as the
fuel and oxidant are supplied to the electrodes. In reality, degradation, primarily
25 corrosion, or malfunction of components limits the practical operating life of fuel
cells.
Fuel cells have provided power for space shuttles for a couple of decades.
However, the fuel used in the fuel cells used on the space shuttle is pure, liquid
hydrogen. '
30 In a conventional fuel cell the electrolyte is catalyzed on both faces of a

two dimensional membrane. One face is the anode side where fuel is oxidized



two di nensi onal nmenbrane. One face is the anode side where fuel is oxidized
2 WD 02/11226 PCT/USO01/ 20032 and the opposite face is the cathode side
wher e oxwgen2/ig26 educed. I n polynmer electrolyte fuel cel PET/UBOI/2032
three-layer systemis comonly referred to as a nenbrane el ectrode
assenbly (MEA). The three layers are the polyner electrolyte sandw ched
between two catalytic |ayers. 5 Gasoline, diesel, nethane and al cohols do
not have adequate electrochem cal reactivity to be used directly in
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i ncreases the rate of hydrogen formation. This would include the

wat er - gas- shrdngec dhargbes monaxide iyebintthepyosersediiebenteang g stigemushd OC2.
be very low to avoid poisoning of the anode electrocatalysts.

The chemical reactions governing fuel processor design for two alternative
15 reactions used in the primary steps to convert methanol, i.e., H3COH, or gasoline
(e.g., H3C (CH;)s CHa), are given below:
Steam reforming _
(1) 2 H3COH + H,0 (steam) + heat — 5 Hy + CO + CO,
(2) H3C (CHy)¢ CH;3 + 12 H,O (steam) +heat — 21 H, +4 CO+ 4 CO;,
20 Partial oxidation
(3) 2 H3COH + Oy (air) — 3 H, + CO + CO, + H,0 + heat
(4) H3C (CHy)s CH3 + 71/2 O (air) - 6 H +4 CO+4 CO, +3 HO+
heat |
The steam reforming reactions described in the above equations require
25 catalysts. The catalysts are incorporated into the catalytic-chemical-fuel
processor. For the purposes of this patent application, a reforming catalyst is any
catalyst that increases the rate of hydrogen formation. This would include the
water-gas-shift 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 — 2CO + 4H,



Reaction (1) can be considered a conbinati on of nethanol cracking and water
30 gas-shifting. Reaction one can be broken down into (1A and (1B). (IlA)
2 H3COH wo 020226 4H2 3 WO 02/ 11226 PCT/ US01/ 20032 (1B) PCOUS012MR: - * 2CO2
+ 2H2 However in practical systens the second reaction does not go to
conpletion. That is why the "reformate” fuel is contamnated with CO Both
(I'A) and (1B) require catalysts. (IA is a nethanol cracking reaction while
(1B) 5 is the water-gas-shift reaction. Thus for the conversion of nethanol
to hydrogen, catalysts that activate the cracking reaction, the

wat er - gas-shi ft c@lB) 260st 2H;0 dnalCO,f+u2idf i on catal ysts that enable both
reactions are all referred to as reformng catalysts. These catal ysts can
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about 1 % CO, 20 still enough to shut down the anode. A PROX unit is used

to fukk her réntheduglisell, wrederrie diis as siternel ralopnbig Maiearipr 00ses phiaasiotr ance

limt of a typi . t . I t ol er ant
anodes coul d¥t%'6§?4§?1§£ﬁ?)ﬁ§mﬁg€sﬁu%g{ro l&ﬁé Wgﬁgﬁ% %ﬁg?gs]éen%ctjp%/g,f there are
no anode cat ada¢sdrs Th@tarcaluiagls silebrrdatte pidircd@incldirC@NindCOt IQEhadGS

reactor output. at fhe operating 25 tenperature of a polyner electrolyte
fuel cell. THElePBRCSIARAIPYPIREOGUSHode catal yst is carbon supported PtRu.

Al ternatives suchgg rBRlcWRelPNGeRERBd flctFhECor gasoline is about 0.189 kg or

15 0.430 kg H; /kg fuel respectively. The reforming process yields H, diluted with
COg, and low levels of CO. Within the operating temperature (T) range of
polymer electrolyte fuel cells, the reformate prior to the water gas shift (WGS)
and the preferential oxidation (PROX) reactor contains CO at the pph level,
enough to shut down a Pt alloy catalyst. The WGS output contains about 1% CO,

20 still enough to shut down the anode. A PROX unit is used to further reduce the
CO content to the approximately 10-ppm tolerance limit of a typical anode
catalyst (PtRu). The development of CO tolerant anodes could obviate the need
for the PROX and WGS units. Today, there are no anode catalysts that could
tolerate the 1% CO content of the WGS reactor output at the operating

25 témperature of a polymer electrolyte fuel cell. The most commonly used anode
catalyst is carbon supported PtRu. Alternatives such as PtMo have been studied
although stability issues with PtMo require examination. Thus the quest for better
catalysts should be augmented by the search for higher temperature electrolyte
(HTE) systems. Phosphoric acid fuel cells (PAFCs) do not require a PROX unit

30 because they operate at 200°C. Although CO is not a fuel at ZOOOC, itisnot a



al t hough stability issues with Pt M require exam nation. Thus the quest for
better catalysts should be augnented by the search for higher tenperature
el ectrol Wwe02/{(#1€) systens. Phosphoric acid fuel cells (PREOT0IEROOIROL
require a PROX unit 30 because they operate at 200C. Although COis not a
fuel at 200C, it is not a 4 WD 02/11226 PCT/US01/20032 poi son. However,
PAFCs suffer fromcorrosion problens linked to the phosphoric acid

el ectrolyte. Ot her reasons exist for increasing the FC operating
tenperature, even when using pure H2. At high efficiencies (high cell
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tenperature electrolyte systens would substanti y reduce the Tue
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menbrane el ectrol yte asse at even higher tenperatures would have
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transportation d stationar. ower .. Splid-stat roton cqnductors are
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and the tenperature dependence of those conductors is provided by Norby in

"Solid-state upit6ewlibe chioviented ardsthe pretaigrpshaBier qonlshles tetbeed ingizegr ess and
eren by r ePorifiy i) SHSeadt e Probinkg M eppli il sl oA 0T 21
needed devel eukhiffal relheaiohadese duputhe@lirentnt ofifhélrefodhnatse Thenper at ur e
proton_ 25 conductars.” The above-nentigned issye of Solid State lonics is
t he PFbceedi gpRlication of such a membrane electrolyte assembly (MEA) at even higher
temperatures would have an enormous impact on the design of compact systems
for portable, transportation and stationary power.
Solid-state proton conductors are candidates in sensors, batteries, fuel
cells, electrolysers, etc. A brief overview of the types and principles of solid state
20 proton conductors and the temperature dependence of thoée conductors is
provided by Norby in “Solid-state prototic conductors: principles, properties,
progress and prospects,” Solid State Ionics, 125, p.1-11 (1999), which is
incorporated herein by reference. Norby states in the Abstract that there is “much
needed development of electrodes for high- and intermediate-temperature proton
25 conductors.” The above-mentioned issue of Solid State Ionics is the Proceedings
of the 9" International Conference on Solid State Proton conductors. Included in
the proceedings are over 50 articles devoted to solid-state proton conductors.
The state-of-the-art polymer electrolyte fuel cells generally use proton-
conducting polymers as the electrolyte membrane in the MEA. The state-of-the

30 art proton conducting polymers are low-temperature conductors operating below

100°C. On the other hand, intermediate and high-temperature proton conductors



of the 9th International Conference on Solid State Proton conductors.
Included in the proceedings are over 50 articles devoted to solid-state
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general ly use proton- conducting polyners as the electrolyte nenbrane in
the MEA. The state-of-the 30 art proton conducting polymers are
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15 the membrane reduces the conductivity.

In state-of-the-art PEFCS, the conductivity decreases as the temperature
increases. Specifically, the proton conductivity of Nafion™ decreases as the
temperature increases. Typically the thickness of Nafion used in fuel cells is
between 2 and 7mil, where a mil is a thousandth of an inch. Such thick films are

20 free standing films. It is possible to maintain hydration of the membrane by
increasing the pressure. Increasing the pressure is a way of effecting water
management because the boiling point of water increases with increasing
pressure. However, operating a fuel cell at higher pressure requires the use of
parasitic energy to operate compressors. Maintenance of higher pressure would

25 reduce the power density of the fuel cell system.

Figure 1 of the specification is Figure 1 of Norby. It shows selected
literature data for proton conductivity as a function of inverse temperature. Norby
states that many classes of proton conductors are represented by members that
have protonic conductivities of up to 10° — 10 S/cm at some temperature. The

30 proton conductivities shown in Figure 1 for Nafion, HCI and H3PO, solutions are

the ranges where these materials are useful as proton conductors.



parasitic energy to operate conpressors. Mintenance of higher pressure
woul d 25 reduce the power density of the fuel cell system Figure 1 of the
speci fi cavoomiizge Figure 1 of Norby. It shows selected |iPreTasarmostata for
proton conductivity as a function of inverse tenperature. Norby states
that nmany cl asses of proton conductors are represented by nenbers that
have protonic conductivities of up to 10-3-10-2S/cm at sone tenperature.
The 30 proton conductivities shown in Figure 1 for Nafion, HC and H3PO4
solutions are the ranges where these materjals are useful as proton
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because of rexgssk BE@uk@@ﬁﬁ19?evléfs€3198§irre§rt$@ﬂﬂé Jost bOvehE Aater (fQiUm,  proton
conductivities arengener ally functional over relatively narrow tenperature
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concl udes that, pr ot on conductors par al | el
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satisfactorily in the gap between; say, 200 and 500C, as shown in Figure 20
1. Wil e therccipaioal oftan chme (hes iifd)l Refersing & Figard USN@bptondludes thagrat a nost
TR Or ANt A o dolid protoa candustors B net paralie] Shobent oxypon ion vondtiets e ¢
(with conductivities > 1 S/cm). However, proton conductors, in general, work at
substantially lower temperatures and may offer the highest conductivities at
intermediate and low temperature. But there are no solid proton conductors
working satisfactorily in the gap between, say, 200 and 500°C, as shown in Figure
20 1. While the 'gap' may seem small in an Arrhenius plot, it covers a most
important and desirable range of operating temperatures for both chemical
processes and energy conversion processes. Narrowing this gap is of prime
interest in the development of proton conductors for practical applications.”
Accordingly, there exists a need for a system having proton conductivity
25 in the “gap” region of Figure 1. More particularly, there is a need for an
electronically insulating proton conductor containing no liquid phase, unlike water
in Nafion or H;PO,4imbibed in a matrix, having proton conductivity in the “gap”

region of Figure 2.

Summary of the Invention

30 An embodiment of the present invention is an electronically insulating

proton conductor having proton conductivity within the gap of Figure 1.



processes and energy conversion processes. Narrowing this gap is of prine
interest in the devel opnent of proton conductors for practical
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conductivity 25 in the "gap" region of Figure 1. Mire particularly, there
is a need for an electronically insulating proton conductor containing no
| i qui d phase, unlike water in Nafion or H3PO4 inbibed in a matrix, having
proton conductivity in the "gap" region of Figure 2. Summary of the

| nvention 30 An enbodi nen f the present. i.nvention is an el ectronicall
i nsul ating prot o%})‘eg‘ﬁﬂ é"lfﬁmﬁ%t\}?ﬁ GEFYS?IBHE‘I YoRSHRS APPSR he gap )c/)f

Figure 1. 7 i) f;&%&?&nﬁﬁ&idﬂ@%ﬁﬁ%&a %ﬁlﬁé 2eARPAL R cally an

el ectronically Ihsulating profon conduc havi ng proton conductivity
wi thin the gapulefingpptorecaddustai chbngdiniagmoriquil phase.i nsul ati ng prot on

conductor containing..nho |iquid ase. Additional .enmbodi ment | ate t
pr ot gn conduct i hghaampﬁlne@%ugglre%ﬁ%& 2 'aﬁ"t%} %O@flpgmgéjlé?rpgrafslﬁgﬁl :t iengo :
pr ot ony condugdiBpridiAy hieleBEHi @My isRMHGHrytoh ordichirhating tpﬁﬁ@n of Figure 1 or

conprising a proton conducting nenbrane conprising proton conductivity
wi t hi n t he geqndoetidbywithindhe gan of Figirgdtareempaising aipreton gondugtipg ot on

Fucl coll comprpehooRtrslbrdee sty NIRRNERR o tighd b il 2y " 10 °

el ectroni cal élgctrdisiedlBtinsigatiigGir6ton eondlicedr@bntalinng N@liguid pamseconduct i vity
within the gap of Figure 1 or conprising proton_ conductivity within the
gap of Figure 2, 4ashodgpentohidninventiondspdbslssll spupBHng & BFIRRt or

cont ajigni ng n eI . i i : em
conprihi ng sy dufthe pRABSe LABHIBE aERHLARRY iuBuldiforfohis
conduct i ng nkatingpetenomdistivity veithie lecgaparfiRgirk § or comptising pwpt@r ot on

compri si ng. aSBFTHEY RGBT PGl i TS o P LG RCE e e R Compr | si ng
a proton congiifeubibk byntiinidd ib fidied pRReOf Figure 2, said electronically
insulating proton conductor containing no |iquid phase.

Another embodiment is a fuel cell system, comprising a fuel reformer and

15 a fuel cell comprising a proton conducting membrane comprising an electronically
insulating proton conductor having a proton conductivity within the gap of Figure
1 or comprising a fuel cell comprising a proton conducting membrane comprising
a proton conductivity within the gap of Figure 2, said electronically insulating
proton conductor containing no liquid phase.

20 , Additional advantages of this invention would become readily apparent to
those skilled in this art from the following detailed description, wherein only the
preferred embodiments of this invention are shown and described, simply by way
of illustration of the best mode contemplated for carrying out this invention. As
would be realized, this invention is capable of other and different embodiments,

25 and its details are capable of modifications in various obvious respects, all without
departing from this invention. Accordingly, the drawings and description are to

be regarded as illustrative in nature and not as restrictive.

Brief Description Of The Drawings

Figure 1 shows selected data for proton conductivity as a function of

30 inverse temperature for some materials.



20 Additional advantages of this invention would becone readily apparent to
those skilled in this art fromthe foll ow ng detail ed description, wherein
only thew@pozmirees ed enbodi nents of this invention are shonoT/@se/mexcri bed,
sinply by way of illustration of the best node contenplated for carrying
out this invention. As would be realized, this invention is capable of
other and different enbodinents, 25 and its details are capabl e of

nodi fications in various obvious respects, all without departing fromthis

i nvention. Accordingl t he draw nd descri.ption are. tq. be regarded as
1T ustrative in nSEHe shrsslecid SadRr paisyendbendy Sedundlignn & The
Drawi ngs Fi gyfRrsé i§ipieuielbesddndfiAlsf or proton conductivity as a function
of 30 inverse tenperature for some materials. 8 WO 02/ 11226 PCT/ US01/ 20032
Figure 2 shows sel ected data for proton conductivity as a function of
inverse tenperature for sone materials.,.H gure sh n exanpl e of a high
tenperature el ect hﬂ”ﬁrﬁ S%%%%@np? ﬁ%@%%weéﬁgé%%?%ﬁﬁwy%%shom t he
t hi ckess aseRclrotCdskaibl9f 1 nverse tenperature of different materials

havi ng the proton conductivity equal to that of Nafion 117 at 80C 10
Figure 5 shows an exanple of a fuel cell wth a nenbrane el ectrode
assenbly. Figure 6. i I [ Lnternmedi at e

15 tenperature fugfg§l Egﬁho&siggﬁ@yel% %){ar@‘ﬂ?t?ﬁ%@%%%ﬁ%ﬁr %Bgf t he
reactions i ndifferad nateridichgvirephe ptdtem cafductiviey qjubl toahgaf Naflord 10kt one
enbodi nent of this invention. 20 Figure 8 shows a Pd foil, with five layers
of EIPC on off (i de, hung on a frane stand after 20 hour baking under NH3
at nosppere. Figure 9 shows fuel cell performance curves. 25 Figure 10 shows

the variation of ASR (Qcm wth thickness of the ElPC
Figure 5 shows an example of a fuel cell with a membrane electrode

assembly.

Figure 6 shows a schematic of an embodiment of an intermediate

15 temperature fuel cell assembly.

Figure 7 shows a schematic of the reactions involved in the preparation of

the silica particles of one embodiment of this invention.

20 Figure 8 shows a Pd foil, with five layers of EIPC on one side, hung on a
frame stand after 20 hour baking under NH; atmosphere.

Figure 9 shows fuel cell performance curves.

25 Figure 10 shows the variation of ASR (2 .cm?) with thickness of the EIPC

in pm (microns).
Figure 11 shows a partial reformate fuel cell system.

30 Figure 12 shows the product distribution by internal reforming in an

embodiment of this invention.



in gm(mcrons). Figure 11 shows a partial reformate fuel cell system 30
Figure 12 shows the product distribution by internal reformng in an

enbodi newoet/12ké s i nvention. 9 WD 02/11226 PCT/ US01/ 2003RCT/Dst1ziobzd
Description As used herein, the term"proton conductor” refers to any body
capabl e of conducting protons. The body could be a single material or a
conposite material. A conposite material is a materials system conposed of
a mxture or conbination 5 of two or nore macro constituents differing in

formand/or material conposition and Lhaﬁ are essentially insoluble in
each other. For purposes of this i esen conprises at |east an
el ectrode layer, s8.ed h@BinABRUGH prdtof RbAAREr WIS B0 BnFhRIY &BhbIeBET LY 1S
oxi di zed or reducegu cfeépeg’?ldlgve y péng a countrer elseoct r}gde, e.ﬁg., a cat hode

or an anode, covitcengproldhsodhdhody cauld bel acmgleonataridluela composiiaiinatedal.

respectively. The MEA al so, has an.EIPC, which gonducts protons, but not
o ontrone. TRCOBImSETL AR AL Ay ariAs DL h Camgered o 8 gnkRul (R of t he

MEA ors i ncor Bpfas &nbidlifacko S6rRHR-ntsal Briddiatfoln and@beGhicAR GatdasitlbRsul ati ng
yet proton conductive on one face and a m xed electronic-protonic

conduct or onandthabppesiendaliviosolutihén pickedhesonduct or regi on 15 woul d serve

as the catalytic region and.rhe. el ectroni.cally i.nsulatin egi qn woul d
serve as the el ec??lg?'i}?%sef’)f’f PEYe lo@afiy@gi‘:g%‘?g?gr&%tlag‘egeecgrs?g%ported on
the EIPC siggeffe.d e Mbdsledh tanwle, whbies ovetich] 6@ id dxilieed@orreigyear MEA.
This two- |ayer MEA woul d generally be operated at a high_ tenperature such

that one si dEespeftivelyeant peamies GHeteds. weg- alfBesrant he MVEA woul d

o8
t [ ; - > ' I d
o de 1ot noi PuoEGEkEkkd & 4 B, op A el 2Bl e e R L o
for the MEA mich cdndaed prloks Gatt motielectfortswd he EYRC oM invedttbnbwubite avher e one

OF e oeheckigds, Leglons, Nk frdlschal Ly chefe 10, Lot 61 {age, separating he
enmbodi ment s gfectrdmcdYfAnsulating yet proton conductive on one face and a mixed
electronic-protonic conductor on the opposite face. The mixed conductor region
15 would serve as the catalytic region and the electronically insulating region would
serve as the electrolyte or EIPC. A catalytic layer would be supported on the
EIPC side of the graded layer. This would constitute a 2 layer MEA. This two-
layer MEA would generally be operated at a high temperature such that one side
of the proton conducting composite membrane of the MEA would not require a
20 catalytic layer because the reaction at the uncatalyzed side is facile because of the
high temperature. A generic representation for the MEA is:
Anode/EIPC/Cathode. A two layer MEA would be one where one of the
electrode regions has a gradually changing interface separating the EIPC region
from the electrode region. This invention encompasses several embodiments of
25 MEA.

Another embodiment of a two-layer MEA would be an electrode and a
coﬁnter electrode sandwiched together, wherein the interface between the
electrode and counter electrode forms an EIPC. An embodiment of a three-layer
system would have an EIPC with catalytic layers of electrode and counter

30 electrode on both sides of the EIPC. The polymer electrolyte fuel cell MEA using

10



Anot her enbodi mrent of a two-layer MEA would be an el ectrode and a counter
el ectrode sandw ched together, wherein the interface between the el ectrode
and countweo oBlres rode forns an EI PC. An enbodi ment of a theP®ESOi@peI2 system
woul d have an EIPC with catalytic |ayers of el ectrode and counter 30 '

el ectrode on both sides of the EIPC. The pol yner electrolyte fuel cell MEA
using 10 WD 02/11226 PCT/ US01/20032 Nafion with catalyst |ayers on both
sides of Nafion is an exanple of a three |ayer MEA. |In another enbodi nent,
a 5-layer MEA, _an anode catalytic |layer is upported gn an EIPC, which in
turn, is supB@iﬁ%ew%waglx%iaéfprswd%qﬂa@dmﬁNaf%vés am exaxape of 2 fhyee fyen

opposi te thepgngde can have an EIPC | ayer deposited on the surface upon
which is interfaced the cathode catal ytic |ayer. Another enbodinent, a

4-1 ayer NMEA, woul dh heoileertehdboBnR@t,onS-tayey Miire aniadedodatdliic gl  hydri de

foil. In general, an ' conmponent of a fuel cell, which includes the
10 ef ect r oy pureyed BiiE SR EHER T e hds HPRRTSh BB TAR P0Rde FaTEat alyt |
layer.5 The %ic‘é%ﬂffé'f%ﬂ%p?&s‘iﬁe% £ Aeicht hademPeIPRl aer depite§ WRAIRY tSs a iquid
phase electrolyte, a polynmer phase, an inorganic phase that conducts

oxi de, car bosafaseapon phithos interfired dheethasegrialdianayse Annthiet i conponent

Th d I ld b hi f | at,i t heni
o ved et o eaparyenh ad Ry SR St BB ShiR3hE SRR et e aroa
Pt bl ack cat ab#sde folihe shorthand notation for a MEA having a PtRu anode,

an EIPC and a Pt cathode is: PtRU/EIPC/Pt. Different enbodiments of this
i nvention, sinplylbgengea} arMBA isetqompopentof atfpd cplbswhigh theludspthenpl at ed f or

carryjqng out IS i i A i y
meul i ng. presyien Rl AR Bhea bitfichfin BB s TRUBUEELIGRLEDELY o
capabl e of cdhwelettrolgtecdyetoincaeh incledgymafrixathatesapporta liqtid phhsect ri cal ener gy

at a tenperature of about 220C to about.L 550C. An | ectronically insulating
proton cond uEtéB'imléﬁe’ a PRIYAIST RRwseetbOTE38ie pg‘égee%‘l ‘ipngﬁ%ﬁ oxidg, BiedT of

conker 10, RIbGATIRIAL RN o USGbiEn e oG, iSRRI 8
proton could be a high surface area platinum/ruthenium mixed metal catalyst (PtRu) and
15 the cathode could be high surface area Pt black catalyst. The shorthand notation
for a MEA having a PtRu anode, an EIPC and a Pt cathode is: PtRw/EIPC/Pt.

Different embodiments of this invention, simply by way of illustration of
the best mode contemplated for carrying out this invention, are the following.

An electronically insulating proton conductor of a membrane electrode

20 assembly that is capable of converting chemical energy of a reaction into
electrical energy at a temperature of about 220°C to about 550°C. An
electronically insulating proton conductor of a membrane electrode assembly that
is capable of converting chemical energy of a reaction into electrical energy at a
temperature of about 175°C to about 550°C, the electronically insulating proton

25 conductor containing no acid-containing liquid phase.

A proton conducting composite membrane comprising an electronically
insulating proton conductor of a membrane electrode assembly that is capable of
converting chemical energy of a reaction into electrical energy at a temperature of
about 220°C to about 550°C. A proton conducting composite membrane

30 comprising an electronically insulating proton conductor of a membrane electrode

assembly that is capable of converting chemical energy of a reaction into

11



25 conductor containing no acid-containing |liquid phase. A proton
conducting conposite nenbrane conprising an electronically insulating
prot on covadorines of a nmenbrane el ectrode assenbly that i sPCHp&l®ozf
converting chemi cal energy of a reaction into electrical energy at a
tenperature of about 220C to about 550C. A proton conducting conposite
menbrane 30 conprising an electronically insulating proton conductor of a
menbrane el ectrode assenbly that is capable of converting chem cal energy

of a reaction,into 11 WD 02/11226 PCI/ US 032 electrical energy at a

t enper at ure 8]’60&‘88{1?“6 B A TGmRBBtTe %@@FPﬁég_tBIaB%lftrsgﬁi@atﬁfy i nsul ati ng
proton conduefeefroiOallyeinBilREh Profshl ddnligetoBdontaihilg n6 aBidU6 hiavhthi- A menbrane
el ectrode assenbly conprising an electronically insulating 5 proton
conduct or angomdichgityapabl e of converting chemical energy of a reaction
into electrical e erg%lat ak%ﬁ- eratu F<Pf about Zigg,toaﬁbouH FSOC. A
menbr ane el ect r odé" & QF%’F)? C ﬁg??gﬁlﬁéyaﬁn@ngﬁgra&? C Pflv %gﬁ}lglﬁlg pr ot on
conducs or angrdiei 8shduaPabh®beihg egvRY ¢fi dvatiegticahicARBERy of réactiBAct i on
into electrical_ energy at a tenperature of about 175C to about 550C, the

mermbrane 10 diteeleeigal psren®atemperebirasf #ouh2iQCite ahaytS87A: donducti vity.
Th nb : : i f ] i st i
 Fange of  aBUREl 6B SOty R el e By TRl OB S el

coul d conpri senducteetaad bhipd rchptbls ofpq@arérting cheraiRaledneaty effi readtlop ihtosul at i ng
proton conductor.on the netal hydride su A 5 The electronically

i nsul ating ptei?fglr‘?? %WEﬁYcﬁtd‘rte’E‘B?}l)é.Wr%gfe wg%@do a ﬂ'&tﬁ?@rééﬁﬁw HE is a
fuel ggl | coRRLirsAd\s@fibs! BatalRHotRld 6 thilatdPAldnBEctivRiO MR haMsdusd or . the
fuel cell being capable of converting chem cal energy of a reaction into
el ectrical eskcggdeatssemblyeoulddtaye en efcaspenific Z2BEntoIradznLe 660Ut 0.96t

anot her enbodi nent . j fuel cell conprising an electronically insulating
20 proton coﬁ%ﬁr%g(}u%}{)&f)ﬁ‘g‘cflhel cell being capable of converting chem cal

energy of a reaci @embRine cBlc@68¢ hssahbBulYcoMprive hOIRENTHAHEES sipostbout  175C
to about 550C, the electronically insulating proton conductor containing
no acid to manthemplgetronically insulating proton conductor on the metal hydride support.

15 The electronically insulating proton conductor could be catalyzed.

Another embodiment is a fuel cell comprising an electronically insulating
proton conductor, the fuel cell being capable of converting chemical energy of a
reaction into electrical energy at a temperature of about 220°C to about 550°C.
Yet another embodiment is a fuel cell comprising an electronically insulating

20 proton conductor, the fuel cell being capable of converting chemical energy of a
reaction into electrical energy at a temperature of about 175°C to about 550°C, the
electronically insulating proton conductor containing no acid to maintain
conductivity. The fuel cell could include a metal hydride or a mixed conductor
capable of conducting electrons and protons. The fuel cell could be capable of

25 reforming a chemical entity into another chemical entity. The fuel cell could
comprise a reforming catalyst.

Another embodiment is a fuel cell comprising electrodes and means,
responsive to exposure of at least a chemical entity, for converting chemical
energy of a reaction into electrical energy at a temperature of about 220°C to

30 about 550°C. Yet another embodiment is a fuel cell comprising electrodes and

means, responsive to exposure of at least a chemical entity, for converting

12



conductivity. The fuel cell could include a netal hydride or a m xed
conductor capable of conducting el ectrons and protons. The fuel cell could
be capabiveoot/12% reform ng a chem cal entity into anot her PChEsbCab32entity.
The fuel cell could conprise a reformng catal yst. Another enbodinent is a
fuel cell conprising electrodes and nmeans, responsive to exposure of at

| east a chem cal entity, for converting chemcal energy of a reaction into
el ectrical energy at a tenperature of about 220C to 30 about 550C. Yet

anot her enbodinent is a fuel cell conprising el ectrodes and_ neans,

responsi ve t hanislsuereyot adeaqtivadntogleshinn ewrewsia ﬂewpem@ne @ﬁahp@m ng 12 WO
02/ 11226 PCT/, %S%l{ e i cal
energy at a tlenperéq%gﬁlgﬁoqaa ?F’l ctrﬁﬁ?éﬁ%’@&&g@hﬁﬁ@%@%ﬂg *‘1 %(rﬁ% ically

i nsul ati ng photoid tcﬁnﬁhtamwondmivaynlrhg fuehcelhciudd tompHsad mbmbfanaduct ivity.
The fuel cell_ could conprise a nenbrane electrode assenbly has_an area

specific res P?Pté?ﬁ?easéﬁm]élyﬂﬁﬁé‘m@? SPReiiGgsigtapss elahmaterigl IEﬁVl%'i.l}tCkﬂlqﬂ\% m crons
and a§”°t°“o?9&5«3ﬂt“i‘75iﬂl§ﬁ6n¥‘ﬂaﬁd‘é oftcihecoﬂa‘?ctﬁﬁt Rk ﬁﬁlej%ﬁp Lig 2. One
enbodi ment is a systemfor generating electricit ristng a fuel
reformer andFegguka2l cell, the fuel cell being capable of converting

chem cal energy f a reaction into electrical ner at ate ture of
about 220C to abolf™® b@?ﬁﬁem%%fﬁﬁmm chtn SySPeRFE be‘gnerati ng
electricity, r&@@ér'a%ﬂ%ﬁfu@l cefiu@b ﬁﬁ&fc@lll BEhg 8ashbRe SRIBRVAHRS Bh&RibAIRHE: ,%Sse”b' y
conprising an electronically insulating proton conductor, the nembrane

el ectrode as9éabiagtipeintg cloainighl emerdy at @Mvmr@mrﬁgoﬁﬂbem ZQ&FCémlptgly of a

reactijon int e ut 175C t o about
beoc Ihe! ol Bafic A bR erifelibocth s b SRS Bhafing Siec B corkrikd no aei o
to maintain geefSihatidnd.a thémbiage Sisik @I aséchebly Uepfisihg bielectreedlly be a
syngas generator. The fuel refornmer could conprise a reformng  catalyst in

the fuel cel MskENGProtpn exdietos the BrERRE clepade grgabl Yesieg eapableios capabl e
of ‘generating,hy if %mlgﬁ%aé%?to?g'r&gﬂ&g%&%ﬁﬁ ?1%%%%' a'%at g@étﬁfe

shift reactor and/ an oxi on unit ect |ca insul ati ng
pr ot on conduabarn 1i7§°(§£d ghwiue 850°Q) thet deetignioalby insulating proton conductor

15 containing no acid to maintain conductivity. In the system, the fuel reformer
could be a syngas generator. The fuel reformer could comprise a reforming
catalyst in the fuel cell and/or an external reformer. The syngas generator is
capable of generating hydrogen. The system could further comprise a water gas
shift reactor and/or an oxidation unit.

20 The electronically insulating proton conductor is selected from the group
consisting of BazCa, 13Nb; §,05.73-H,0 (BCN 18); CsH,PO,4 (CDP);
S1[Z10.9Y0.1]03.5 (SZYO); polyphosphate composite containing 19.96 wt% NH,",
29.3 wt% P, 1.51 wt% Si; Lag 9Sr5.1S¢0.9Mgo.103 (LSSM); and BaCep 9.xZ1 Mg 1 0s-
s where M is Gd or Wd and x =0 to 0.4 (BCZMO). In the proton conducting

25 composite membrane, the metal hydride is selected from the group consisting of
Pd, a Pd alloy, V/Ni/Ti, V/Ni, V/Ti, PdAg, PdCu, Ti, LaNis, TiFe and CrV,. The
anode and/or the cathode could comprise a noble metal and/or a non-noble metal.
The anode and/or the cathode could comprise a layer capable of allowing
diffusion of a gas and conduction of electrons. The layer is selected from the

30 group consisting of a carbon cloth and a metal cloth.
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consi sting of Ba3Cal.18Nbl. 8208. 73-H20O (BCN 18); CsH2PO4 ( CDP);

Sr[Zro.9Yo. 1] 03-6 (SZYO ; pol yphosphate conposite containing 19.96 wt %
NHA+, 2WG@omieed, 1.51 wt % Si; Lao. 9Sro. | Sco. 9Myo. i 03 ( LBSMUSoiz0032
BaCeo. 9- XZr XMb. 13- s where Mis Gd or Wl and x = 0 to 0.4 (BCZMD). In the
proton conducting 25 conposite nenbrane, the netal hydride is selected from
the group consisting of Pd, a Pd alloy, VVN/Ti, VIN, V/Ti, PdAg, PdCu,
Ti, LaNi5, TiFe and CrV2. The anode and/or the cathode could conprise a
nobl e metal and/or a non-noble netal. The anode and/or the cathode could
conprise a |ayer é@gtisremgpdimenbisiaigethed fouspayerong ehegtisalgpersy ohduct i on of

cloth and o At o bEetfa GRS, (AP P Rl FR B EMRAR, Hilale © o2 20T
is a nmethod pmtocsndacior fga Cledital @htig e agympdratare efaboun220°Qtie alduect ri cal

energy, conprising exposing an electronically insulating proton conductor
to a chem caP @it iand ssperainesigrdiomative fgee @3@%@0@2@@6@@0 pyelly 550C, and
generaiing ekaaik | ( | Feal dnsul ating
B0t o condusrartREBIOYR o REER L BBl ol ShBodienf | SahpH0A S olvpih

chemni cal eneckpmioé] eaergyarta reactiontimto eleetrical ewrgye vemyyising eRpPIsitgiang exposi ng

an electronigcally i.psul atin oton,conductor to,a chemcal entity at a
tenperature § Ctr%‘}éf)ﬂ[]y lfﬂgll}%prg{ya&pn@g‘%gﬂo E e@‘é“ﬁ]e?lg’tt?’ﬁ EreeEsrsti ve
force (enf) assReysihe awuﬁgsdoggmﬁﬁéémaﬁﬂggie@&bﬁgﬁpé Rl (chRaSLPe Wherein

the electronically insulating proton conductor contains no acid to

mai nt ai n conélgerpnitally ingwating pretonsdadusters whetein theetectronipallsiasWipsi ng 't he

el ectyonical |y, insulatin roton_conductor. to an.. oxidant and/or pr.oduci ng
2 chelfcar - eRaSRber Soidt AaGRRe Halimin-Saft Rty Rk iR “efoat nen:
is a nmethod figthereoripAss exposigig thesieonoairallimsalatiag prot&s s@idatipr toG@pPr i Si ng
depositing a precursor of an electronically insulating proton_ 15 conductor
on a mxed cOkdaRLBH/ @ PpBIcELs chepria ertitigY srlopningraolstChsyed §8tnd
heating the preCUVA%‘a’Eh;E%m%B&‘i\ég%ﬁa{ ista.'}ﬁetﬂﬁc?fo‘ffnﬁgﬁfafc & fbH6 aﬁ@@fe&ﬁ% o

i nsul ati ng proton conductor, erei n the nmenbrane el’ectrode assenbly is
capabl e of assewmbiyt, compakiagidepdsitangar wycurforaf e atdiciromcaliyt inswhtegiprotoal ener gy

at a erature of about ,220C to about 550C. Yet _anot her, enbodingnt is a
met ho ][Tgr concﬁlctor on am&ed conductor capa%?e otscon ucting electrons and protons an :

heating the precursor to convert the precursor to the electronically insulating
proton conductor, wherein the membrane electrode assembly is capable of
converting chemical energy of a reaction into electrical energy at a temperature of
about 220°C to about 550°C. Yet another embodiment is a method for

20 manufacturing a membrane electrode assembly, comprising depositing a precursor
of an electronically insulating proton conductor on a mixed conductor capable of
conducting electrons and protons and heating the precursor to convert the
precursor to the electronically insulating proton conductor, wherein the membrane
electrode assembly is capable of converting chemical energy of a reaction into

25 electrical energy at a temperature of about 175°C to about 550°C, the
electronically insulating proton conductor containing no acid to maintain
conductivity. The depositing of the precursor is by brush painting or an airbrush
method. The mixed conductor is a Pd foil. The heating the precursor is under
NHj atmosphere. The heating is at a temperature in a range from about 100°C to

30 about 600°C, preferably, about 100°C to about 400°C.
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20 manufacturing a nenbrane el ectrode assenbly, conprising depositing a
precursor of an electronically insulating proton conductor on a m xed
conduct owa@apazbe of conducting el ectrons and protons anBCh&sti/2032t he
precursor to convert the precursor to the electronically insulating proton
conductor, wherein the nenbrane electrode assenbly is capable of
converting chem cal energy of a reaction into 25 electrical energy at a
tenperature of about 175C to about 550C, the electronically insulating
proton conductor containing no acid to maintain conductivity. The

deposi ting of theTheereﬂrcﬁlébfh&nmcmnugmedﬂEméon@ firthaninajudb prephringret hod.

The m xed condu?tor js.a. . Pd foil. The heati ng e ﬁrsor is under NH3

at nospher e. HELRICA yi@“@fln&PWéQPp@r’]gPﬁP’é AR ﬂa‘i“%ih%é f BSHPESUt  100C t o

30 about 600 f , t , 1226

PoT D0/ 0055° pér‘%f%@?%d‘? 2pi thé@%ﬁlﬁgrl{ﬁgg}%tﬁg%@ indftalifd 60220 | e
prepari ng t heomluelr cmmpnsdslpyepanaglsﬁrbapg‘tlpl’es,tpmparmgchmﬂyph,ospimteednylzat| on of

th lectr th | ect |
 noul 81 ng. pPTBA SSRGS HIES BOL HRB b |G BRr At o5,

preparing a pol ypnpéhefp%cﬁlc%%d%émaaswtﬁlbﬁw%hhb&ahme&lbﬁh@%lea@@het he
pol yphosphate to prepare the precursor. In the products and methods of this

i nvention, t hesemblybis sepabdd @f(ﬂom)@mng glsareindl| pergy dfapatitionafto slestrisel i ng

chemnm cal ener of, a _reac on |nt o at ature of
about XC to & %%3( 3%6%5 Rf?th ftﬁg %lgtf%rc’ “ﬂla f}}?eYif,grgg%e[bﬁ% X and
the Y are setexX Qﬁhdfth@mdnhehngQu@sdD&ﬂﬁilﬁémmﬂe gloup 26nsistiag of 200,240, 250, 260,
270, 280, 290, 300, 310, 320, 330, 340, 350, 360, 370, 380, 390 400, 410,

220, B0, 24840.250, 2@5@70,4213@, 2903600.536; 34ba30.5300; 350 g60.530) 3W3B%0. Al so,
|0 the Produghe A0diTeLBedE0tsd k6, 470VER) 9D sIeST 306, Soskhsage assemdly

that is capablé cor’\vertl ng chem’cal”’ enérg reaction into
el ectrical energyAaso mﬁlempnmmtsmnénm‘thmib@xﬁthlé(iﬁvtemlabmﬂmbYﬁe aMvéroden the Y
is 15 greater t nthe ndtheXadtheYare el ected fromthe group

consi sting ofSS¢ ti}é'b‘sc %aneﬂgg calegsreypf@ readign Mgy 270, 280,

290, 300, 31@1’ec§1%Q1 ene%)oat a?téllﬁper%ga of2PBut R to At YS@Owh e, thélg{qs 420, 430,
440, 450, 460, 470 ., 490, 500, 510, 520, 530 and 540, th

el ect¥5oni cal Exeafenthanghé Xganst e Fhansiche Yoareselected from the group conS1st1ng of
175, 180, 190, 200, 210, 220, 230, 240, 250, 260, 270, 280, 290, 300, 310, 320,
330, 340, 350, 360, 370, 380, 390, 400, 410, 420, 430, 440, 450, 460, 470, 480,
490, 500, 510, 520, 530 and 540, the electronically insulating proton conductor

containing no acid-containing liquid phase.

20 As explained above, a conventional MEA uses Nafion as the EIPC. The
proton conductivity of Nafion decreases monotonically as the temperature is
increased above 100°C. Conductivity could be maintained by increasing the
pressure, thus increasing the boiling point of water and maintaining hydration of
the membrane. This is energetically an expensive proposition.

25 While conventional fuel cells use Nafion or acids which show loss of
protonic conductivity within the “gap” region of Figure 1, the high temperature
electrolyte MEA of this invention has the proton conductivity within the “gap”
region of Figure 1 that increases monotonically as the temperature is increased
above 100 °C. Similarly, it is unlike another competing membrane electrolyte,

30 phosphoric acid doped polybenzimidazole (PBI), because while the acid doped
PBI is unstable above 250°C the proton conductivity of the high temperature
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containing no acid-containing |liquid phase. 20 As expl ai ned above, a
conventional MEA uses Nafion as the EIPC. The proton conductivity of
Naf i on dexoezses6 nonotonically as the tenperature is i ncrengsd/mmve 100C
Conductivity could be maintained by increasing the pressure, thus

i ncreasing the boiling point of water and mai ntaining hydration of the
menbrane. This is energetically an expensive proposition. 25 Wile
conventional fuel cells use Nafion or acids which show |loss of protonic
conductivity within the "gap" region of Figure 1, the high tenperature

el ectrol yt e bbiralfitet MIES deswsbuidiinthibasehtien onoinoss 10anaemst wdtht y Wi t hin t he
"gap" region of Figure 1 that increases nonotonically as the tenperature
i s i ncr easedtempssaiarenpdoend aheyel PPy, A differengebetrscmibshiely teppmIEEE ng

menbr ane el egir.ol 0 Sphord ¢ .aci.d. 0 nzi e (PBI),
because whil gfetc ﬁ%%fm g}‘ dsc}'g{e‘l‘ﬁ1 (Peﬁé?befas}gﬁ%lgflgﬁt%ﬁgg% %dvﬁggg%%ﬁﬂgﬁgt&l ot.on
conduct i vi t ypefynichelcbirgiftes pidpieit datiigh tehipyiufdldctidBte MEK bisoid1x032

el ectrolyte MEA described in this_ invention continues to increase with

t enperdat ur e dpesnst sgairg Ry didication tat Nahandessios (dbhphasehoncer atbper at ur e
el ectrolyte %@a&ﬁ?ﬁ?@ﬁ?@cﬁﬁﬂe?%ﬂm%ﬁl&ﬁicéndu@ﬁ@ig)%.i on and Nafion or PBI (both
at the high tenper

pol ynmer electrolytes) is't ure electrolyte MEA
el ectrol yte 5 doefhaddngrfelimcedin(this anuishiihler tatpematurt MEANaMBAs does or (b)

t he phosphoric or other free acid that PBl requires to naintain

conduct i vi t y PFHENS ¢rRg-2PeYe ISrQeédVCi‘%lfi PRI DO RdsomingRirthe @189&r at ure MEAS.
MEAs operat | . 1L.tihe3 I: | f anode
el ectrocat al %Is%tgtsr&; stéglgfg?‘asgai%gﬂﬁggﬂg%ogyg 3980&%%P@10g%%58tf%%ﬂ§eed for

the 1M WGS r $aGE eetd@nand the ppefetatidnkidkionxhidaThizrvoul Vieldliinachaioksel yiel d a
much nmore conpact systemand permt the introduction of partially reformed
met hanol i nt 6°MPRRE sy§iem aped apatibthe dpfrdugtion ef paspllpreformegdimgthanghiidd at ur e

fuel cells age defd i ATHS U8 + Il's
operating at ﬁgegg%%\lg@%g t%l‘gevért em%rggéteﬁl?e}ll%ge‘%m%éerﬁ l'rsqu?lte)& gg%ﬁn&eeg‘ﬁg% uel cell
oper ati ng betlasvcdedE af enolten strbbdeate fifel o&lid dperaing ap650/Cewhiéd ot r ol yt e f uel
cells). Internediate tenperature fuel cells are the essence of this patent

appl i cat i on. tquapergresyskosllp arerdefigedippiekenll apgratingbelow 100°C (e.g. state-
15 of-the-art polymer electrolyte fuel cells). Intermediate temperature fuel cells are v
the essence of this patent application. For purposes of this application, the
preferred intermediate temperature fuel cell regime is 150°C to 400°C. This
temperature regime includes temperatures where internal reforming of methanol
could be conducted within the fuel cell flow fields. Partial reforming could be
20 initiated in an external reformer. The advantage of the high temperature
electrolyte system is that it obviates the need for the bulky WGS and PROX
reactors.
The problem of the inability to prepare robust membranes of EIPC such as
_ those discussed in the Norby reference is solved by the use of a proton conducting
25 support. In this patent application, the support is referred to as component D.
Metal hydride foils comprised of materials such as Pd, PdAg, PdCu, Ti, LaNis,
TiFe and CrV; are very robust and could serve as separators of fuel and oxidant
even with significant pressure differentials. These materials reversibly absorb
hydrogen. Hydrogen atoms can diffuse from the surface into the bulk and become
30 located in tetrahedral or octahedral interstitial sites. The absorption of hydrogen
into the bulk of these materials results in hydride formation. These metal hydride
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preferred internedi ate tenperature fuel cell regine is 150C to 400C. This
tenperature regine includes tenperatures where internal reform ng of

met hanol waeowuid2de conducted within the fuel cell flow fiprCOESOIPANI2 al
reformng could be 20 initiated in an external refornmer. The advantage of
the high tenperature electrolyte systemis that it obviates the need for
the bul ky WGS and PROX reactors. The problemof the inability to prepare
robust nenbranes of ElIPC such as those discussed in the Norby reference is
solved by the use of a proton conducting 25 support. In this patent

appl i cati on, fdibersdqmee phasesthaepamiicd/drozeastampaiifnde doroshbRiade thydri de foil s

e veryrobuep e o T out el Gy UL ot U VR PE e " ven
Wi th signifipRievll! SRSLNLE n&iétahfhf‘y]aﬁ&é kAl s%rvemﬁﬁfe SB?I%&{ b s%%)al%v&,rﬁb bly absorb

hydr ogen. Hydrogen atons can diffuse fromthe s ace into the bulk and
becone 30 | oxmmedment afétabakicna!’ forthe dtoagesdy BIPG istrelased. tEIRC IsydrescedThe

absorption of hydrogen into.the b f t e materjals results in hydride
Formabi o, TeEverR s curspht fllecOeohifs B b RenaekE P Gasonipg's ar e
dense phasescélimktifemneial fdY@F %ﬁﬁ@ﬂ? trRud] kel U4 8f ARGl hydirids oit he
menbranes are el ectronic conductors, they nust be faced off with EIPC

| ayers. Howev&puppsitigan enrblamderdiigh japrpesaiuicdilPCdbstsufenisomtibe mabihitr t and

separator, the i.I nt.of "r fudl f i ganic EIPCis
rel axed. ElIP ea{"flgﬁgat%cgglgo ’té)b?sot r%erlglglleéﬁ%s' t"ﬁ%g@h’fnre %ﬁlp%c}gc}efggcﬁgl?s of the fuel

cel I from cosémtutiongfol fie: folle®inzasasdal Whenqao@dus terdgschirigad fioe the @a6deD
conponent). Thus, the use of the metal  hydride foil as a suppart is an
enabl ¥ for FitabtE swRiseathe PEtEnSRanGhamiseTh 3sdiydregsmontadhe swiaqeiofhe t o be

fabricated I pfp,r abygE: FPIRRAAS. s%%erﬁ% hla{ﬁ?afighﬁﬁﬁ’a‘i’i‘iyir %&?ot%h?%}@@ct&?”dum ors

for the foll owm ng reason. n protons are charged omt anode 10
cat al yti ¢ sufibacthe opprsitp faxe o shecadinedwsionslobl). dhe byaniogbad bpdrogerheansur f ace

f th tal,...ln. he hydri t aj i trality,.
o he T iRt e Bl A e e SRRy e gl | o
cheni sor bed Iy ti@geen Gfuse Hith (HASRTE Ty 48 ftoh b9hekBeiRiomlcaand di f fuse

across the foil "to the opposite face. = As hydrogen di ffuse into the bulk,
t hey 1dr e r ephydregerbecaess tahanvids sphidgrbies to generate more protons. The protons are n

generated when molecular hydrogen is stripped of two electrons yielding two
protons, which migrate through the membrane electrode assembly, and two
electrons, which are delivered to the external circuit. Pd metal has an fcc (face-
centered-cubic) structure with a lattice parameter of 0.3887 nanometers. Upon the
20 absorption of hydrogen the lattice expands isotropically retaining its fcc structure.
At a low equilibrium pressure of hydrogen, hydrogen dissolves in the dilute o
phase. When the H/Pd ratio is 0.015 at 298°K, the Pd becomes a [ phase hydride
where the lattice parameter is 11% higher than that of the metal. This increased
lattice parameter causes the hydrogen diffusivity to increase. Hydrogen diffuses
25 relatively rapidly in Pd. This phenomenon is what enables the use of Pd as a
support for the fabrication of composite systems capable of serving as membrane
electrode assemblies for fuel cells.
A characteristic of the high temperature electrolyte MEA described in this
invention is that is does not require the addition of any liquid phase (e.g. water or

30 free acids) to maintain proton conductivity.
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15 hydrogen because the anode continues to generate nore protons. The
protons are generated when nol ecul ar hydrogen is stripped of two el ectrons
yi el di ng wow2/1pe®©t ons, whi ch m grate through the nmenbraneP€l/@strmwoe
assenbly, and two electrons, which are delivered to the external circuit.
Pd nmetal has an fcc (face- centered-cubic) structure with a lattice
paraneter of 0.3887 nanoneters. Upon the 20 absorption of hydrogen the

| atti ce expands isotropically retaining its fcc structure. At a |low

equi li brium pressure of hydrogen, hydrogen dissolves in the dilute a

phase. \Wen the HIRecliatdteristies 0f hthight teRipBiture hiectrol yledd@res/sem Suphase
hydride where the latti paraneter is 11 % hi gher than that of the netal.
Thi's increas Benq%?r?ﬁeéésgg}oéi‘f%ter causes the hydrogen diffusivity to

i ncrease. Hydroge hif 28T i i oy Thi menon i s
what enabl es the Elggﬂhgfcﬂﬁg&ggﬁgg%é%& p%sre[%l g%%gj%thﬂég)éfl %Elrc F%S‘E'd. %Jr@%? b(gso@rr'posi te
systens capabl e o{2)v sddigoras ligwidbnesdeo belimdidedde oftes eninhingsn f or f uel
cells. A characteristic of the high tenperature el ectrolyte MEA descri bed
in this inveMIUSHViEE that is does not require the addition of any liquid
phase (e.g. water or 30 free acids) to maintain proton conductivity. 17 WD
02/ 11226 PCT/ US01/ 20032 The characteristics of the high tenperature

el ectrol yte MEA syBt emAcioigh demperanrampembeaneadedtodlyteasseribly The

conductivity goes ,up as th e rature is.increa abqve 10Q.C.  (2) No
addi tional i qui &Rl ghe PRI hSrir St BT (e 8 Rigituct | vi ty.
(1) A high temMpigicatidd ScheRERE 8NEn6h-BEk/ITRYK ifeReRIRNB trnRtateeaimlglIof the high
temperature el ectrolyte MEA is shown'in Figure 3, which is a schematic of

a nonthol ynedhe diggramnedetairevn émgpeleatlhed df fod lusedefor compormmit ® wasadfrim i s not
drawn to scale., The Pd foil used for conponent D was 25 pm thick. In the
above di agramm]f'he conposite system C D/ C constitutes an EIPC. Conponents
C and D are both p{@aBorMasehnfife cortpoRiteRstedt] MDAL eontidRM G DIPE. A

multiple |ayer system may be required when conmponent D is also an
el ectroni ¢ Components C and D are both proton conductors, also called proton conductors.

A multiple layer system may be required when component D is also an electronic
15 conductor. The C components are EIPC layers that are interfaced to D in a series
fashion. The composite C/D is, overall, an EIPC composite that conduc;cs protons
and, therefore, an electronically insulating proton conductor.
In Figure 3, component A is a porous gas diffusion layer and component B
is an electrocatalyst layer. Among the several embodiments of component A that
20 could be used in this invention are carbon papers, carbon cloths, metal screens or
any electronically conductive porous material. The purpose of component A is to
serve both as a current collector and as a diffusion layer that permits fuel gas to
diffuse through to the catalytic layer. Among the several embodiments of
component B that could be used in this invention are noble metals such as Pt, Pd,
25 Ru, single phase and mixed phases comprising the above noble metals and nickel,
chromium, molybdenum, osmium, rhodium, iridium, rhenium, and single phase
and mixed phases comprised of all of the above components. '
One embodiment of the high temperature electrolyte is schematized as
C/D/C. When 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 to as an
embodiment of MEA.
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15 conductor. The C conponents are EIPC | ayers that are interfaced to Din
a series fashion. The conposite CDis, overall, an EIPC conposite that
conduct s wooronge and, therefore, an el ectronically insul BCTgOIERVOI20N
conductor. In Figure 3, conponent A is a porous gas diffusion |ayer and
conponent B is an electrocatal yst |layer. Anong the several enbodi nents of
conponent A that 20 could be used in this invention are carbon papers,
carbon cloths, nmetal screens or any electronically conductive porous
material. The purpose of conponent Ais to serve both as a current

col l ector and as @Andthef usiaionlveydd bt hbilayee electrslyfausistegashére D diahf use

through to the catalytic |ayer. Anong. the several odi nrents aof . conponent
B that coul delsetrepieally Gendpgiing niglopcpdcigran &lﬁénﬁifgi The seheradio fr pu, 25

Hha . ar ¢ _ g
Ru, single phage @@%Drr{wyvg@g rl\a%&éﬁ@ﬁ) 6PmBpDIE rd i E(a)aﬁag_\éﬁo&mka@yﬁ% S an

ni ckel , chrom um osm uim odium 1ridium rheniu an

si ngl e phaseis iardntactoeith tiedd®€ leyarpnd sed) tie atiodofcataheicdiney & inenptactent s.
One enpodi ment.. o hi.gh rature.electrolyte s schematized as
a0y 5 vnen ot Y R oHE AR ShEbRicHs Rl Yo Sebdy bt w th cat alyti ¢

| ayers 30 (B), the assenbly is schematized as B/C/ D) C/ B and woul d be
referred to as an enbodi BEN/C@D/BEA. 18 WO 02/ 11226 PCT/ US01/ 20032

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 system woukd BR.dA/CBLusas (b) DC where in (a) the anode

catalytic layer is in contact with the EIPC layer and in (b) the cathode
catal ytic layer i $ntheabove treq cases, ftandibetiEicPmposites G/ ¢r IMEpre botbmat i ¢ f or

t hese two optd [e . B hode. h) B LD CB de In the
above two onldel BybscR bins Bl VE BT o g BRRREFE AL IR P
conposd t es sio@podifee C | ayer bl ocks el ectronic conductivity through the 10

conposite. One nethod of nmaking high tenperature el ectrol ﬁte VEA shown in
Figure 3 is the Pormsihefof making high temperature electrolyte MEA shown in Figure

3 is the following.
First a dense phase proton permeable material must be selected as the “D”
component. The term dense phase proton permeable material is any material that
15 is permeable to protons but impermeable to chemical species larger than atomic
hydrogen. The support for the EIPC layers is component D. The support is
permeable to hydrogen atoms. The support does not have to be an electronic
insulator and it is preferable that it is not. The support is permeable to hydrogen
and stable to temperatures exceeding 350 °C. The support is a two-dimensional
20 stable membrane capable of serving as a sui)port for EIPC materials. If the support
is electronically insulating, then no additional EIPC is required. Examples of
supports include Pd, Pd alloys, and vanadium alloys.
In one embodiment of this invention, said dense phase proton permeable
material comprises a foil of a metal hydride. An example of a metal hydride foil
25 is Pd. Other examples include alloys of Pd (e.g. PdAg alloys) and V/Ni/Ti, V/Ni,
V/Ti where V is vanadium, Ni is nickel and Ti is titanium. These materials
constitute the D component. The thickness of the D component foil could be in
the range of 5 to 1000 pm, preferably about 10 to 200 pm and most preferably in
the range of 20 to 100 pym. In one example, the thickness of a Pd foil was 25 um.

19



First a dense phase proton perneable material nust be selected as the "D
conponent. The term dense phase proton perneable material is any materi al
that 15wa@openreeabl e to protons but inperneable to chem pal/uspemirs | ar ger
than atomi ¢ hydrogen. The support for the EIPC | ayers is conmponent D. The
support is perneable to hydrogen atons. The support does not have to be an
electronic insulator and it is preferable that it is not. The support is
perneabl e to hydrogen and stable to tenperatures exceeding 350 C. The
support is a two-dinensional 20 stable nenbrane capabl e of serving as a
support for ElIPC Bedoarl] mitafact b @ d@nmoupmad tone bsbethdades ofitted) bymparsent at i ng,

then no additional EIPC is requiyred. Exanples of . supports include Pd, Pd
al l oys, and %Xiéléith?r?%WPW@.equHOBFFéSYéWBbgﬁpWPnt thqﬁgomm@@f on, said

dense phase A HREL ar?EfP@Iin SR bsES &) f ehd &h al hydride.
An exanpl e o@%%éetbgl% %ﬁ@lﬁ% ol | gdgnlgg Pdi.3 O e? exa(r:rp %s e?ﬁ(gl ude all oys
of Pd (e.g. BdAgdadredysjepmaiiedsoNine dr botll/fdées of YHeTD coimpomenyyicklivmadi um  Ni

is nickel and. Ti is tjtanium _These terials constitute the D conponent.
The t cknesgﬂ@fer?ﬁ@" y&%ﬂﬁ@FPéWFr‘?SBF‘f%S uld be in the range of 5 to 1000

m preferably about, #BdiQ s Qla%ﬁaﬁé@aﬁﬁ%tfc@ﬁcﬁlfcﬁflggfdfoﬂsrbutlshe range of 20 to
100 m In one exanple, the thickness of a Pd foil was 25 m 19 WD 02/11226

PCT/ US01/ 2008ctr@ecalydnsulafing: fElesroniaglly insplatiogmeaans thakitdoesoust hotdisks of t he
D conponent

component 1 s FFTSudd by RRE LIRC o B RN M R AR The

conponent C PBI, dnl@fy pedieni-eendictife pelgiice dHigh tefmper@furdBIFC hagsicdlfy t he D
conponent yielding a bilayer or tri-layer electrolyte respectively. . An

El PC 1& any imereanicer commesites offingrgmic saidiglsandmohgnein (organid baersoni cal |y
i nsul ati ng. ' . ] ' : ] S%Ei .conduct
el ectrons. L(E&vsﬁ]é{?ggipg?’!r %‘ﬁ@g"%‘t&'&% %@E@a&%}l{: (E)% p 182% %ri c acid doped
PBI, and any pr ot morgarcSgdtemgwithlwatear . Hi gh tenperature EIPC are typically
10 inorganic or, c osites of inorganjc materials ol yneric (organic)
bi nders. Exanﬂl'e_g/[n%Pp‘?rﬁB?ﬁ%‘?ﬁn%H ® ?FBB&OP‘%O@}‘@?%@%&ﬂWQam c systemns
include: Inor %n"Sﬁp&ﬁ)tt@ﬁT@ witdr BoMRicRhiometric phase of M;Hy(AO4)x+y) ® XH20

15 3. BazCay.1sNbj 8203.73-H,0

4, C85H3(SO4)4 b4 0.5H20

5. 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-
20 PTA/ICS-PPG for short)
6. Hydrates of SnCl,

Inorganic Systems without water:

Silver iodide tetratungstate AgyelisW4O16

Cs1x(NH4)H2PO4, Cs1-x(ND4)xD2PO4, and K.«(NH4),H;PO4
KH,PO4

Tetraammonium dihydrogen triselenate, (NH4)4sH2(SeO4)3
CsDSO4

The materials used for the “C” component determine the high temperature

25

Wb o=

30 limit of operation of the high temperature electrolyte MEA. The material for
component could be selected from the group below: BasCa; 1gNb; £,05.73-H20
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1. Mesoporous zirconi um phosphate pyrophosphate Zr(P207)o0.81 2.

Super protoni ¢ water non-stoichionetric phase of M Hy(A04)(,,+y) xH2O 15
3. Ba3Cawa8np28208. 73- H2O 4. Cs5H3(SM4)4 0.5H20 5. O grai/wseéwmpipani c
hybrid (1 CS-PPG, conposed of 3-isocyanatopropyl- triethoxysilane (1CS) and
pol y(propyl ene gl ycol)bi s-(2-am no-propyl ether) (2-APPG, mxed with

per oxopol ytungstic acid (WPTA), (W 20 PTA/ICS-PPG for short) 6. Hydrates
of SnCl2 I norganic Systenms without water: 1. Silver iodide tetratungstate
Ag261 18WIOL6 25 2. CS1- X(NH4) XH2PO4, CSI-x(ND4) XD2PO4, and K1.. (NH4). H2P04

3. KH2PO4 4. (HENr&xGskiPON(GDRY,Sristest ¢, 10 sa(SENED)e Polybhdiphkiz (Se@bside CsDSO4
(it of | operanBmessopHa NG ConpaPaPul-a SR RapSe REAVIEHHE rmat et al
for Corrponemsm}g'aﬂd%c%%g%tmg A4, SRR QIRVE: WRlQWx = 0 t0 0.4

Ba3Cal. 18Nb1- 8208, 73- HZO 20° WD 027’1226 PCT/US01/ 20032 (BCN 18); CsH2PO4
(CDP); Sr[ Zr BOX¥KIQ)] 08! of {h8ZYOrompaieppinatspiabst are Crpaplesifioperatioginathai ngl 9. 96

Wt % NHA+, 29,3 W 9% P, 1,51 w % Si: ,Laq.9Srq. 1Sco. 9Myo. 103 (LSSM: and
BaCeo.. . ZrR?B?HeE%E%f%ﬁBWé"hW@ &P 6 ETEAY x = 0 to 0.4 (BCZMD). All of

these C conponent THBtSMbaheht &6 adiRPRdRIepbsiRAGK alfilMtn ddnigdfentD heAPeEr at ue
range within the "gap" of Figure 2. The conponent C is adhered or deposited

as a fil m onthidmeenseh tmitithe epmpogite KRXeef €y 1 hasta suliciedppysit e El PC of 'C
and D has a guffigi.ent . n_. eond YA i t0hin.1rhe " = edion of
Fraure 5. e Bt mBhie ten(PEMEbL ke 21 L IR o R R 5 e

is the reci pgj@ivhede SH3 SEHTersi LoSiedleD29 the TlEpridh] 6pnloleh i(vé. yQRfTIR materi al
is an intrinsic property of the material. The Pd foil would have

i ncr elsi ngl ycondghyity ehaimeterial isyn agfrifisie property of the material.

The Pd foil would have increasingly higher conductivity as the
temperature goes up because the lattice expands and hydrogen permeation would
go up. However, whenever one adds a layer in series the resistance always
increases. However, if one of the components has significantly higher resistance,

15 than the series resistance is essentially the resistance of the more resistive
component. The most resistive component would be the EIPC components.
When the component C layer is interfaced to the foil, the composite C/D should
be at least as good as Nafion. The calculations give the thicknesses required in
order to ensure that. Another way to look at it is as follows. What would happen

20 to the resistance if one adds Pd to the EIPC? At the highest temperature, the
increase in resistance would be negligible. At the lowest temperature, the
composite resistance would be somewhat higher than the resistance of the EIPC
film alone. However, the EPIC would be the limiting resistor at a temperature
within the “gap” region of Figures 1 and 2 when fuel with a high partial pressure

25 of hydrogen is delivered to the anode stream of the fuel cell containing the
composite C/D.

The EIPC material, i.e., component C, is interfaced to the metal hydride

foil serving as component D. The EIPC material could be dispersed in a volatile
" solvent along with a binder material. The binder material could be inorganic or
30 organic. Polybenzimidazole (PBI) is stable to above 300°C when it is not imbibed
with phosphoric acid. A solubilized PBI polymer could be included in the EIPC
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tenperature goes up because the |attice expands and hydrogen perneation
woul d go up. However, whenever one adds a layer in series the resistance
al wvays iwanpares. However, if one of the conponents has BCTUSé/me32 | y

hi gher resistance, 15 than the series resistance is essentially the

resi stance of the nore resistive conponent. The nbst resistive conponent
woul d be the EIPC conponents. Wen the conponent C layer is interfaced to
the foil, the conposite C/'D should be at |east as good as Nafion. The

cal cul ati ons gi ve the thicknesses required in order to ensure that.

Anot her way disp¢reiok. dheidispersioags fedérrasiie .as e IPRbink d The pikas alzxﬂletdctOt he

resi stance i one e El PC') At .t ture, the

i ncrease in &lé’gfl%tf‘@?‘?'g%dﬁgﬂ? di)tge REgPPLicHP gear%i{ea ﬂeﬁ%b@‘s}f I?aé Bt ature, the
conposite re@étﬂ&%@ﬁ@tﬂf@é&ﬁ@ox@cﬁEm@ééct@d giEfor bAND thRpb st dlenee of the
EIPC filmalone wever, the EPIC woul d bethellmtlng resistor at a

t enper at ur e A»menmlmelw@ Elg’gptayerr@gn bn vapormegotited ontodhe sufagg@itfeddl with a

hi gh rtial Ve e e stream of
the 0ol cal PORBRRF g Por O HATE Belt Do ts S G PG = &
conponent C, n‘leﬂqddﬁfa§5vfeﬂ(é§dtrﬁ&phéﬁ%pf&isafe dupdsitid@ metiids. servi ng as corrponent
D. The EIPC material could be dispersed in a volatile solvent along with a

bi nder material . The clscielyic sysiemis thencatalyres on bpfiiagesaf theslecdplie gani c.
Pol yb imd nbi bed
it phosphodrior: AHEt e laferd? 1o AN e Mol 1 Brchireh B Bieet 17 1% e

El PC 21 WO 8&fdct 26 dataryzvd&smmm&aade chta;lpstrfsrﬂnn fuélselecdind peatioder i s referred

to as, the EIPC | nkl Iledto r f d the
comadl te +soHeliPtin daouiatads. ARRoeRaisiRindos ks wolE msie Aot o oach
El PC sel ect efopBehdiQls, RAGHxE ﬁ%@@ﬁﬂ%&m@ﬁi @éﬁl?ﬁs T%'ch@xbﬂ@hﬂ«‘!@&ﬂd an EI'PC

| ayer can be vapor deposited onto the surface” of 5 conponent. The

vapor deposi melden@blmdstalSsmd(edmt%ld@tmuﬁnﬂmmﬁtal @ﬂ’ﬁalymtrhtbésata% wel | as
atm)spheric ressure depgsiti on,.. et hod The el ectrolyte systemis then
catal yzed on %rSf’ﬁ%feﬁcag g}f{”ﬁ ygfgaca{qrg? jte system After the bilayer or

tri-layer conposi e sasaltedan BIAN SREIEIvhdsbasdatidaferfostfifaeesnéy e catal yzed
wi th an anode cat al %lst for the fuel side and a cathode
15 described below by using the MEA system in a partial reformate fuel cell shown
in Figure 5.

2) Partial Reformate Fuel Cell

The above-mentioned MEA could then be directly incorporated into a fuel
cell. The use of high temperature C components affords a high temperature
20 membrane electrode assembly referred to in this application as a high temperature
electrolyte MEA system. The metal hydride D component is not a limiting factor
with respect to temperature as this material could withstand higher temperatures
than the C component (e.g. greater than 1000°C).
The basic physical structure or building block of a fuel cell consists of an
25 electrolyte layer in contact with a porous anode and cathode on opposite faces of
the electrolyte system. A schematic representation of a fuel cell with the
reactant/product gases and the ion conduction flow directions through the cell is
shown in Figure 5. In a typical fuel cell, gaseous fuels are fed continuously to the
anode (negative electrode) compartment and an oxidant (i.e., oxygen from air) is

30 fed continuously to the cathode (positive electrode) compartment; the
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10 catal yst on the oxidant side. Anode materials could include noble
netals, alloys of noble netals, and m xed phase m xed, netal catal ysts. The
cat hode sva@exereé d i nclude noble netals, mxed netal catBCYESE/20032ansition
netal- catal ysts, ruthenates, pyrochlores and other catalytic materials.
The result is an MEA system whose use and performance are now 15 descri bed
bel ow by using the MEA systemin a partial reformate fuel cell shown in
Figure 5. (2) Partial Reformate Fuel Cell The above-nentioned MEA coul d
then be directly incorporated into a fuel cell. The use of high

t enper ature @egmqh@ﬁmfseaamwrtd@macm g itha degieodas orprodearelacitie el ect r ode
assenbly referred to in this application as a high tenperature electrolyte
MEA system T ret al hydri de D conponent is not a limting factor wth
respect to tenper ahdMEASs nbdrporBidentcfuclCaall Hrdwdrfls TheBartivgiaoutdenper at ur es
than the C conponent (e.g. greater than 1000C). The basic E)hysi cal
structure or corsist@f higolsr plafes atithafuel plenwa o the#wids sisle gpd giy pleopymeprslber of yt e

| ayer 4 n con i: g i of the
el et ol yt o SHUpias TrOpRls AL ARATRLARGE, ERPRRNShaF: EESR The
react ant / pr odiug flogafsetds) aat sérhie to direct fuedland oxidaifttewiedinbée indershdder ough t he
cell is shown in Fjgure 5. In a typical fuel cell, gaseous fuels are fed
cont i nuous| yT¢sBeqiysly- éﬂéﬁ‘i‘“@%gﬁﬁp fes epRdiict 8]8@}1"’&5%%‘?& e 553 cethMoxi dant
(i.e., oxygegeddsQiidtack! Fhe BRhdb GFtHeGIv ALY B kidwhR habitedsost,Rpsi ti ve

el ectrode) conpartnent; the 22 WO 02/11226 PCT/ US01/20032 el ectrochem cal
reacti ons t akhpitaudaatofitheflel deld) cdetct the gadiffosionlnyet Gcg. componantr ent . The

MEA is, incorporated in fuel cell hardware, ,Th r dwar e..coul onsi st of
b pol Tt ' pi ot BSoCse pudhe AitGmnons M RlsGuod FHaD R R R TR he' &
cat hode S! de catdVEs %yﬁ%@doﬁ&cﬁéi&e@b@cﬁaﬂr&fﬂr(%ﬁé bMaye® aHb& !y Fﬁﬂﬂér_&teﬁiﬂs bhat have
grooves (i.e. flow fields) that serve to direct fuel and oxidant to the

anode and caffimbeell hardwgrecconlddyeobtained Gam: the Fueliialldgndheels 4 diHuct
| ant e _ O
el ectricity Fgéﬁ#%&g&ﬂ}(et@% B%éﬁrpﬁ%{t C())lg'tEférer g??ﬁ%rdf%ogﬁﬁﬁ&gﬁ@edyﬂe lands of

the flow fie nown “a
Energy Technology Center, Morgantown, WV/Pittsburgh, PA available at
15 www.fetc.doe.gov, which is incorporated herein by reference.

The modes in which the high temperature electrolyte MEA could be used

include the following:
(1) In a stand-alone fuel cell or fuel cell stack.
(2) In a fuel cell with reforming catalysts in the flow fields of the bipolar
20 plates.
(3) In a fuel cell thermally integrated with an external reformer having a
reformer, a preferential oxidation unit and a water gas shift reactor.
(4) In a fuel cell thermally integrated with only a reformer.
(5) In a fuel cell with reforming catalysts in the flow fields in combination
25 with an external fuel processor where a fuel processor comprises a reformer,
water-gas-shifter and preferential oxidation unit.
(6) Regenerative fuel cells.
(7) Electrochemical organic chemical transformation reactors.
Fuel cells using a higher temperature electrolyte will outperform the state-
30 of-the-art polymer electrolyte fuel cells because the temperature of operation is

higher. The higher temperature operation will improve the performance of the
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hi ghest surface of the flow field) contact the gas diffusion |ayer (e.qg.
conponent 10 A of figure 3. The A conponents then contact the catalytic

| ayers (BvOayens§. The catalytic |layers contact either arPCriayeoosr the D
| ayer directly. Further details on fuel cell hardware coul d be obtained
fromthe Fuel Cell Handbook, 4th Ed. Published by the U S. Departnent of
Energy, Ofice of Fossil Energy, Federal Energy Technol ogy Center,

Mor gant own, W/ Pi ttsburgh PA avail able at 15 www. fetc. doe. gov, which is

i ncor por at ed rein ref erenc The podes in which the hi g enperature
el ectrol yte WE %0%11 %é“ﬁ?stéﬁlcatﬁ?f@ 188%“"?2%"3@811 FestefieR) ppyoves Wéé‘st and- al one

fuel cell or jidieho@petaek Tnied) o biludcbiiglo Aobinotiisifdier Migeal al yot s

|nthefIOW1} | at es cel thernal l'y
i nt egrat ed wancbdmrbmnmqeaﬂrmﬂ@ﬁnpmc béavsagOgoisoeingrafihe armdp cablystent i al

dat ) hi ft 1 | tuel cell. thermall
X oot od wotiHERe G R rihs fpertiste qrrsion, WA Foppetfare i
catal ysts in af'é"s@aglé fawe& Elaflited dbo%O @bodta&ﬁé@ﬁhno?éodm b0 r @bt GfRd) if ue!

processor where a fuel processor conprises a reformer, water-gas-shifter
and prefere ntth@ifueknelldaatweﬂirasum am extefijal RégererIihcosthe fusd elt epdrstes 4t7)

El ectrochem of transfo i on tors.. Fuel cells using
a higher te H?g’é’ E’tt @WF“O%Q{%H&W%F# Pie the %Féproé?fs?ff t he-art
pol ymer el ecig 9l 4t &efagdl eRnern)Re eRHRE A hWHeﬁQP@ﬁéI &Hlﬁop%?at@s%fl%d@” s

hi gher. The higher tenperature oper atiron will 1 nprove the performance of
the 23 WO Ozmﬁaﬁorf?@'ishﬁﬂgh@fmﬁﬁ mtemhhceﬁmmmglrs nbeamoteont he cat hode

Ki net j s (oxygen reducti.o i nmpr o il ncreased te ature. This is a
charad®eristic of %&Fﬁ%ﬂhﬁ sonﬁrﬁ’é’f’\fllg’%emﬂw’bsmf’ﬁglondﬁgﬁ’@"g‘g‘reé%‘r‘rﬁgnce woul d
i mprove because C@nhbgicparnitibd opfhetaa, (g%ﬂélﬁ?oﬁﬁa%%hél%&llbﬁdtH@ﬁekigﬁhﬁﬁe%Y the
hi gher tenperature operation. conponents are used that 5 are stable

to tenperatu@égela;bﬂvéomom@mmfdhlsem{maorb@remﬂuﬂm@be@heéqw| y in the
L;Jel cell as well (ﬁ?Pre%a?Qtngﬁ(BFﬁf% refornmer. Since the fuel cell operates

The components of the EIPC are ammonium polyphosphate and silica.
15 The ammonium polyphosphate and the silica are separately prepared and then
blended to form a composite EIPC material as described below.

(1) Preparation of silica

The preparation of silica particles is based on the chemical reaction of
tetraesters of silicic acid (tetraalkyl silicates) in solutions comprising methanol or
20 ethanol or other alcohols. The formation of silica particles by reacting tetracthyl
silicate in alcoholic solution with water in the presence of certain bases is
described in Kolbe, G., “Das komplexchemische Verhalten der Kieselsaure,”
Dissertation, Jena (1956). The method employed in this embodiment is the
Stober-Fink-Bohn method described in Werner Stober, Arthur Fink and Ernst
25 Bohn, “Controlled Growth of Monodisperse Silica Spheres in the Micron Size
Range”, Journal of Colloid and Interface Science 26, 62-69 (1968).
The reagents required for making the silica of one embodiment of this
invention were the following:
Methanol, ethanol, n-propanol and n-butanol, which are of analytic reagent

30 quality and used as solvents;
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hi gher tenperature, thermal integration of the fuel cell with the fuel
processor (e.g. the nethanol reforner) is facilitated. Wen the fuel cell
operat esvad 04628 CO poisoning is mtigated, but internaPCT@laranizg i s not
an option. 10 A fuel cell of one enbodinment of this invention is shown in
Figure 6. The preparation of the conponents of the fuel cell and the
performance of a fuel cell of one enbodi nent of this invention are now
descri bed below. (A) Preparation of EI PC The conponents of the EIPC are

ammoni um pol yphos hate and silica, ni_ um pol yphgsphate and t he

silica are separa %‘laﬁs"ﬁrlsé’géaléw a&ﬂfh(t?tﬁaéﬂ(yl B‘Ihé%d’ftt‘??h%lﬁﬁﬁgég%@rﬁnosi te EIPC

material as qlf{&ﬁ{elt@@gmgﬁﬁ%m&h}l Sﬁa&&ag&?l on of silica The preparation of
C ased on the c

silica particles 1 em cal” reaction of tetraesters of
silicic acid (tet ealstdkyls aihoia(@sy%ipuridyt and ons conpri si ng met hanol or 20

et hanol or other al cohols 0 n of [ |J ca | es reacting
tetraethyl sili cé’ﬁnglqnhmﬂﬂlé’g‘?%f‘{ 5@% F‘érﬂe ger%}tjﬁﬁtgﬁ%iegﬁ&t% ce of
certaiq basegtdt&p:}ﬁﬁﬁgdo%g%rgﬁ dfol be, G, "Das konpl exchem sche Verhal ten
der Kiesel saure Di ssertation, Jena (1956). The nethod enployed in this

enbodi ment is the Pu@tai@éxolmalkolsdmxmmwurd@@iqomuc ammgaiarselutiSnober |

Art hur Fink and Erns 5 ntroll.ed, .G o of Mo [Fse Slllca
Sphores. 1 n-t ARt v N wAd WS ity iR i iy HOHRE RRAIGE L'
Sci ence 26, @Bssé? with388Und skbpeiEadiantisber egHldd iaftclion bovks Mahé besisill i ca of
one enbodi ment of this _invention were the follow ng: Methanol, ethanol,

n- propanol aengGeniERHs Of ampnimangd: watgr. hiviolarry @W&@WOWW&F?QV and

used sol v RGP 5911&4' t cic
acid etr aal%%%/ﬁ ys? | Cat 2‘%&&%&?& nic rggg)%% clés éﬁs gct%'r gtrrr‘?s"t1 flc}ém i cate,
tetraet hyl sithd aiedhal méttajes byaxﬂtimgrsamatahﬁwhomc(seﬁtl@ﬁé @filemhynip tathd amoni um
hyd d i
hydr oxi de. 268 (8aUnS (IRDShLY o528 Lond SR 20 o Ak e SRS

mixtures, saturated ammonium hydroxide solution was used. The concentration

of ammonia in the alcohol mixture was measured by withdrawing small samples
15 and titrating with 1N hydrochloric acid. Total water contents were computed by
adding up the fractional amounts of water introduced by all of the components in
the reaction vessel.
Subsequently, alkyl silicate was added to the reaction vessel mounted
either on a shaker or in an ultrasonic water bath. After an initial phase where an
20 invisible hydrolytic reaction forming silicic acid occurs, a second phase, the
condensation of the supersaturated silicic acid was indicated by an increasing
opalescence of the mixture starting 1-5 minutes after adding the tetraalkyl silicate.
A schematic of the process illustrating the first and second phase of the reaction
are shown in Figure 7. The white suspension of silica particles is then filtered
25 from the solution.
(ii) Preparation of ammonium polyphosphate

Phosphorous Pentoxide of 98+% purity, ACS (American Chemical

Society) grade, was added to phosphoric acid (85% weight %, ACS grade),
10 grams of phosphorus pentoxide (P,0s) and 4.64 ml of phosphoric acid
30 were mixed in a 250 ml beaker at room temperature. 4.64 ml of phosphoric acid

was based on the following calculations:
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Pure al cohol or al cohol m xtures, saturated al coholic anmmonia sol ution,
ammoni um hydroxi de and water were m xed in an Erlenneyer flask (reaction
vessel ) woh2/greund stoppers or in rubber seal ed injecti onChosel/®832 n t he
desired concentrations of ammonia and water. 1 Ml ar - 10 Ml ar Amoni a
was used as 10 a catalyst for causing the formati on of spherical particles
of silica. It was added to the alcohol m xtures by addi ng saturated

al coholic solutions of ammonia to the reaction vessel. \Wen high anmoni a
concentrations were desired in the alcohol mxtures, saturated anmoni um

hydr oxi de sol uti omuiser 0F fidles UTOSSPREERIOE (107 0.08) AIMTRN(0.869 Mholdde al cohol
m xture was neasured by withdrawing small sanples 15 and titrating with 1N

hydrochl ori ¢ aci d Nupghesof melesrof pbatpbarie acig ~d. ofegd by adding up the
fractional anount { . I Lk ed by all of the conponents in the
reacti on vessel . %ﬁ%@%ﬁ@gﬁﬁ?ﬁﬁ&%?%%? gilicate was added to the reaction
vessel nmounted eiNdmilirofephskhoeic acid is knewn tolHerddsiMi ¢ wat er bath. After an
initial phase where an 0. invisible hydro] ytic ction form.ng silicic
acid otcurs, a se ﬁﬁnﬁﬁgg@PﬁﬁWEC@ d%‘%@?#5H48ﬁkgﬂ§1§§gé@§&§h@ ted silicic
acid vas i ndi cat ed/dimaBr bREDAGH A4 1ORALRGCE0060 Piq Be—Mgdif e starting
1-5 mnutes after adding the tetraal kyl silicate. A schematic of the
process il | ustr at iAgagheticfstirst barwhssaseond inth tedeakert e oibbath (RimecTare shown

in Figure 7. i te_suspensi f silica ticles LS then filtered 25
from the so|d%ﬁ@H%QTFPf“EPégiréggﬁ ‘@?m§ﬁﬁﬁﬁgﬁéﬁko¢9%ﬁgg&ha?@£&ﬁ8§phorous
Pent oxi de of I&heduH 4 hotplafand(iiiBlaineant ST gk bedlek vathithe BIGHd Was added
to phosphoric acid (85% wei ght % ACS grade), 10 grans of phosphorus

pent oxPde ( PZbosPharid adidgaixhire yes plisebindhs bathandistirgg! coatienanslamtil alla 250 n
Pk 2 Lo PO oy o oMEERRIRBC P UEReSC, on L
98% pur e P20Sempdritiire ofGh®Bith/wab4i2creadedd &6 95070) 4d.an eluesd amoafit afmlreasofof
phosphori ¢ aC9i9%+=pu%t9,6£Cnglraedsei inBtlamS: Im%ie:[ 1)E/1tic()) ]:)f E :q %sr aha%rdi pCol}?p(iliogphT)ri% acid,

was added slowly to the beaker with continuous stirring. The addition of urea was
15 done slowly over a period of about 45 minutes so that there was no froth

formation due to the liberation of CO,. Crude polyphosphate was formed in the

beaker.

The crude polyphosphate was purified as follows. The crude

polyphosphate was dissolved in hot water, which was then cooled to room
20 temperature. An equal volume of methanol was added to precipitate the

polyphosphate. White crystals of polyphosphate separated out in about 1 hour

and were filtered out using a Millipore filter pump (Micron Separations Inc.

Magna Nylon, Supported Plain, 0.45 Micron filter papers). The white powder

was vacuum-dried at about 120°C for 2 hours and then sintered in a tube furnace
25 (Thermolyne, Model # 21100) in an ammonia atmosphere at 300°C for 20 hours

to complete the reaction of any residual polyacid into ammonium polyphosphate.

X-ray diffraction pattern of the final product confirmed it to be ammonium

polyphosphate.
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Normal ity of phosphoric acid is known to be 44.6N 5 Molarity of phosphoric
acid = 44.6 / 3 = 14.866M = 14.866 nols/liter Volunme of phosphoric acid to
be takenw002/08% / 14.866 = 4.64 nml A nagnetic stirrer bapCwasowagzrted
into the beaker. An oil bath (DirecTorr Gold Vacuum Punmp G| - Wl ch,
vapor pressure @25Cis 5 * 10 _7 Torr) was prepared on a hotpl ate and

mai nt ai 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 form pol yphosphoric acid (HPG3). The tenperature
of the bath was d¢B) Pagedation bbBIPEANd an excess amount of urea of 99%

purity, ACS grade,.i e nole ratio of.2:1 urea and pol yphosphorjc acid,
has added sl oy (HetHBCEmRe Frbpdieatht i dotrtlh f rdtgpotinacBad by on o
urea was 15 %@é}ﬁngséﬁmwr@yquolﬁah}a@ﬂa&%a&mﬁ&wkd ORAiBS & A0ddtafort here was

no froth formation due to the liberation of . Crude pol yphosphate was
fornmed in theé0 hovrskdeamierda aimagphesel yphosphate was purified as foll ows. The
crude .pol yphosph was_ di.sso in hot water, which was then cooled to

room 30 t enper at .Pr SERET me of methanol was added to precipitate

t he pol yphosphat e.InWhé embedisshe kise MEAp@imtiResahétarschpalcall e dested PAn about 1
hour and were filtered out using.a MIlipaore filter punp (Mcron.
Separ ati ons 1T to whichibe KiHGois deppsifisd e &t qathedp sidg. Feguxg 8 slagvsa d &l paper s) .

The white po i : Jﬂ%g% Aadidkhen
sintered in \gq% ‘éé/? ?rﬁgggﬁg%g%?ﬁgﬁlﬁ%lh?ﬁgghﬁb e %8?1%g?g?§uan él ni a

at nospher e atund@0XH§ etmddphdreulbis embodinmgpt sstdesighated emPd/ERC.oThany r esi dual
pol yacj.d int i um pol yphosphate. X-ray diffr ion pattern of the
Enat 1r oduct 0ot s s o PisReEo it feabueg srb inion D5 elown 11226
PCT/ US01/ 20038 FiguR® 6.Pr epar ati on of EIPC The EI PC of one enbodi ment of this

invention is a conposite obtained by nelting a m xture of pol yphosphate
and nanoscal ed (440 Biefjarafidni afahesPd HAOC for 20 hours in anmoni a at nosphere.

Palladium foil of 0.001-inch thickness obtained from Johnson Matthey

was cut into a square piece of size 3.5 x 3.5cm”. Then it was flamed using a
15 hydrogen torch and pressed between two stainless steel sheets using a Carver
press with 1800 lb-force to make the foil soft and flat. Four small holes were
punched at the corners. ‘ ‘
A solution of PdCl, 50g/L, NH4Cl 30g/L was prepared and HCI was added
to make the solution pH 0.1-0.5 as disclosed in “PALLADIUM AND
20 PALLADIUM-ALLOY PLATING” by Ronald J. Morrisey, Editor Michael
Murphy, METAL FINISHING 2000 Guidebook and Directory Issue, January 200,
Volume 98, Number 1, pp 289-290.
The Pd foil was hung onto a hook made of a Pd wire, which also served as
a working electrode lead, and submerged into the Pd solution. Another Pd wire
25 was used as the counter electrodé. A plating current of 0.1A for 20 seconds was
applied on either side of the Pd foil using potentiostat (VersaStat™ fromEG&G
Princeton 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 curling during the heating

30 process.
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5 (C) Preparation of MEA In one enbodi nent, the MEA conprises an

el ectrochemcally treated Pd foil to which the EIPC is deposited on the
cat hode svade21Begure 8 shows a Pd foil, wth five |ayerspPof/USMRBIZN oOne
side, hung on a franme stand after 20 hour baking under NH3 at nosphere.

Thi s enbodi ment is designated as Pd/EI PC. The 10 Pd/EIPC is then sandw ched
between two catal yzed gas diffusion |l ayers as shown in Figure 6. (i)
Preparation of the Pd foil Palladiumfoil of 0.001-inch thickness obtained
from Johnson Matthey was cut into a square piece of size 3.5 x 3.5cn2.

Then it was fl anedi)usdpasgitian of the!BIHCapEN tHeatddabide PF eIl bet ween two
stainless steel sheets using a Carver press wth 1800 | b-force to nmake the

foil soft and fl aFIPGaud siliphesl west mixedet @ moberatined 45 Theaatioefrbl svasa

sol ution of : / pared and HO was added to
make the sol E?s%ﬁng@%bf@%%%ég?Slg?h\cég%ﬁapﬁ' " PALLADI UM AND 20

PALLADI UM+ ALLOY P AVHNGPOY, +HRi0OaHH (NH,MIPO s ey6 NEi+ HH,M chael  Mir phy,

METAL FI NI SHI NG 2&%811 Guj debo and Directary |Issue, Janyary 200, Vol une
98, Number 1, pp pgheHdepgh BieISutReEsIAf NS orstdly HBBRA foRIEV a Pd

wire, which #eSpeenuetlicaSronfsdi@nkl THe GlsBEdsi@Fad aﬁﬁﬁmh@@qsiﬁgm’?&ged | nto

the Pd sol ution. Anot hgar Pd. wre 25 was used as the counter el ectrode. A
pl ating cur r medelgh32Y), aitbfughing equipmentamtovers sigpof thel Pddoibimdee an gifceeddof t he Pd

foil using potentiostat.(Vers at TM f ronEGEG .Pr.i nc l.j.ed Research).
The pal | adi DTS ey EE N ca Ao Mo SR iR vana GG plbaliSt el ot

four corner sbdilispdibétl S@AREIcrodk ki Rdofoflr event foil fromcurling during the
heati ng 30 process. 27 WO 02/11226 PCT/US0Q1/20032 (ii) Deposition of the

El PC on the cat Adigeons zergr BIRe vasidisperseds thnbd &il wesbaged insy @vefti xed at a
mole ratio O{m(fjé'r ngTz{ﬁogﬁ{eké)athOéC: for RS ho&@%ﬁg 119 ctbgf%d %B%Qg'}o%%t ric ratio

of the reaction:
temperature. Then a second layer was airbrushed onto the first layer and then

sintered in ammonia at 400°C for 2 hours. This process was repeated until 4
layers were sprayed. After the fifth layer was applied, the Pd foil was subjected to
15 a final bake under NH3 atmosphere at 400°C for 20 hours. Then it was lowered to
300°C for one hour, 200°C for one hour, 100°C for one hour and finally to room
temperature.
(iii) Catalyzation of the EIPC deposited Pd foil
The Pd foil was sandwiched between two high temperature PTFE gaskets
20 obtained from Dewal industry, RI. Platinum ink (Pt ink), made by mixing Pt
black obtained from Johnson Matthey, fuel cell grade, and 10wt% of EIPC

powder with isopropanol, was sprayed onto the EIPC layer side of Pd foil. Pt
black is highly dispersed unsupported platinum particles with a typical surface
area of 65m” per gram of platinum.
25 (iv) Catalyzation of the gas diffusion layers
Elat is a trade name for a brand of carbon cloth. Double sided Elat (E-

Tek, Inc.) was cut into squares 2 cm on edge. The total area of the squares is 4

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

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

proofed by means of a hydrophobic fluorocarbon/carbon layer. The commercially
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4 (NH4)2HPO 4 + Si02 - (NH4)2Si P40OL3 + 6 NH3 + 5 H2O 5 Met hanol was added
and the suspension was constantly stirred to prevent the EIPC and silica
from set WO n112Z7he suspensi on was airbrushed using Azt ek, PCvbe@l/208220,

ai rbrushi ng equi pent onto one side of the Pd foil under an infrared |[|anp
so that nethanol could be evaporated away quickly and EIPC and silica gel

be di spersed evenly across the Pd foil. 10 After one |ayer of EIPC was

di spersed, the Pd foil was baked in an oven under NH3 at nosphere at 400C
for two hours and then cool ed down to room tenperature. Then a second

| ayer was ai aldiladlecElaowiOthemmolliffedtas falloars. PRehit R the$ paihet @dtol dheammoni a at
400C for 2 hours. This process was repeated until 4 ayers were sprayed.

After the fi fidsof ByedouidesidepElagtE-Tekdnpy whese sigagavese o cah- thachs a i nal
bake under N . j ed to

300C for one o@% %g%t%agtdgﬁg%?gg??e%%ﬁgﬁﬁg?ragu%%%iﬁ C\gglel #l%{)l y to room
t enper at ur e. pfaducg a Cathiytzydz gdsi doffusidn e (BIHG. deposited Pd foil The Pd foil
was sandw ched bet n .t hi g.h tenperature PTFE gaskets 20 obtained from
Dewal 9 ndustry, RE (Pt ink), made by m xing Pt black

obt ai ned from Johpsan<dYRbil Rehe thalencel | grade, and | Om % of EIPC powder
W th isopropanol, Was sprayed onto the EIPC | ayer side of Pd foil. Pt

bl ack is highly dilsyesatadyrzed (5lpperd @eced inthamimdparofitied gsketivtith thet ypi cal

surface area of 6 er gram i i.v tal yzati on of the gas
di ffusi on | afi%tfﬂfé'z%? éﬁe o %cf‘yaﬁfl’ﬂ%@bf g[?‘g?dﬁ[ﬁﬁ S%@%&%ﬁﬁ%e@ﬁw Doubl e

sided El at ( Eatalked GDIﬁg)eld‘i:ﬁ@a@Mctﬁr@fd@si &l 8SGBLLPY/BPEdgs.. Thie total area
of the squares is 4 cr Doubl e sided Elat is a comercially avail abl e gas

di ffuk) on el sendwdeheassemblydythen inssrted angd ssadwichedbetween hed THESKS 3. 4
0z/yd2 (116gLg b 0 I . . The side of
the GDL that %g%équﬁg)‘%ggﬁé?ggﬁ iggékv?/gsth%gérlg%@gghgly %r%Saﬁg?&gﬁ Hﬁ/dr ophobi c
f 1 uor ocar bonFigrd6n Thaysemblh@npeixingRIRE/GPL/ P8/BICAZDI/PIFE i£EHEEAUSO1/ 20032

avai | abl e El at was, then nodified as follows. i nk. was then painted onto
one ?nsertec? between two graplgte ballocks with ﬁ\gw ﬁgltds cuthto tls'le sur?ace see the

end blocks of Figure 6) to form a fuel cell assembly. Each graphite block is

15 referred to as a flow field (FF). The fuel cell is designated as FF/PTFE/GDL/
Pd/EIPC/GDL//PTFE/FFE. The fuel cell flow field graphite blocks are fixed into
appropriate positions by the use of two cylinders as alignment pins. The EIPC was
located on the cathode side.

(i1) Operation of the fuel cell

20 The fuel cell assembly was placed in a hot press (Carver Inc., Model C)
with heated platens and was pressed so that the fuel cell blocks just touched the
hot plates. Two sheets of Kapton (tradename for polyimide) were used to
electrically insulate the graphite flow channels from the hot press plates.

A hydrogen and oxygen stream comprising 100 standard cubic centimeters

25 per minute (sccm) of hydrogen and 180-sccm oxygen was used as the fuel stream.
The fuel stream was humidified at the temperature of the spargers. Prior to
entering the fuel cell assembly by passing the fuel stream through 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 frit. The purpose of

30 the frit is to disperse the gas into the water via the formation of small bubbles.

The gas then exits the sparger and is then delivered to a reactor. The purpose of
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side of two double-sided Elat (E-Tek, Inc.) whose sizes were 4 cnR each.
Each doubl e-sided Elat was dried in the oven at a tenperature of 120C for
1 hour tovoprodece a catal yzed gas diffusion |layer (CGDL).PET/(S)UME Cell
Testing (i) Assenbly of the fuel cell Two catal yzed GOL were placed in the
wi ndow of the gasket with the catalyzed side in contact with Pd/EIPC. The
Pd/ EI PC i s sandw ched between two catalyzed GDL, yielding a structure
designated as GDL/ Pd/EIPC/ GDL. This 10 sandw ch assenbly is then inserted
and sandw ched between the PTFE gaskets w th the wi ndow of the PTFE
gasket's exposghdipatdeeisEDlsatiRfd BB padvith vRNe. The afd g cBthodd§padsss € Wotey
conprising PTFE/ GDL/ Pd/ El PC/ GDL/ PTFE is then inserted between two

graphi t e bl o®kehegied fo 70°6vindithe ges faw ratesthrough the spprgers were 80steadardnd bl ocks
of Figure 6) f cel nbly. Each graphite block is 15
referred to géﬁgchﬁt%v&?l{sgﬁjmi [%(.sg%ﬁg fuel cell is designated as

FF/ PTFE/ GDL/  Pd/ HhieGp&iatiod SThefidr cell fe Teste (1 )cald|(2), koplaine@beogr aphi t e

bl ocks_are fix intqQ . appropriate positions hy the use of cylinders as
al i gnment pi a8 UG- TsoE RS aionedid O%r?élogwég%h@geé@wﬁ&% Operati on
of the fuel Ql%{l%%fli’leg)ﬁgé&éfhn%ﬂ érg—gi%%mhé' alg@ﬁseﬁl}\)gg‘?@éin'tﬁb bs Hgess

(Carver Inc., M h hea pl atens and press so that the
fuel cell bl dekie] eadlithatovasiheated kel 0076t injtially.e $he Hotplabeat the @hodéagmidon

(tradenane faor | V.iy 1M e used.to | ectrically i te the graphite
f1 ow channel §a@5§?f¥fiﬁe&ﬁ%ﬁf fﬁ%ﬂ; Gllovege hedied FOA%Q%@&%&%%@@@@F g’lr?eeam
conpri si ng 1056 (RNFaHpEetdioGhs &RbinARdRfases otThdRiE]l SBIINMLW fiRiWisdksOf hydrogen
and 180-sccm oxygen was used as the fuel stream  The fuel stream was

humi dl® i ed at the LesitplirTheoxparpreheatspapympigtainmd 250 @teerstergyt he f uel
cel | assenbl >§m‘£’é’w§@%&hﬂg ifcfrftge %’dgrhtesél{oﬁé‘%‘l& DERHRMGPRER 'i'a‘?%sswgsf wat er .
e pargers. a con

These cont ai ners re ca sparger 1s alner that is
filled with aelttieved 862009G thenfuebahdasidann steeatef hydtopen ahd oxigdenavdsri t . The
pur pose of 3 i spers into,t‘ge wat er _via the

0 the frit is to e.the ga
formation of e o raade and %Oﬁth%ﬁwgﬁﬁflk ESpEVEPFIGER HE i s t hen
delivered togui8RhtHeried MEOPVREAREY @ontr?frs and a DX-5 digital control unit.
15 The Unit Instruments Mass flow controller and the DX-5 digital control unit were
purchased from Unit Instruments, Inc, Yorba Linda, CA.

Test (2): The oxygen preheater was maintained at 250°C. Once a steady

state temperature for the graphite anode and cathode flow field blocks was
attained at 250°C the fuel cell performance data were obtained as in test 1, with
20 the exception that the cell temperature was 250°C.

Fuel Cell polarization experiments were done for both Tests (1) and (2)
with an Autolab (EchoChemie B.V.) PGSTAT?20 potentiostat. The current versus
voltage curves were recorded at a cell temperature of 200°C (test 1) and 250°C
(test 2) by applying various potentials between 0.7 V and 0.1 V for a time period

25 of 60 s at each potential. The following figure shows the I-V polarization curve at
200°C and 250°C. Hydrogen loses electrons at the anode catalytic surface. Each
diatomic molecule of hydrogen loses two electrons and becomes two protons.

The two electrons are delivered to the external circuit. The protons pass through
the Pd foil and then through the EIPC layer on the cathode side. The electrons go

30 through the external circuit, where work can be performed, and then on to the

cathode catalytic surface. At the cathode catalytic surface, protons coming
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WO 02/ 11226 PCT/ US01/ 20032 the sparger is to saturate the gas with water.
The anode and cat hode spargers were preheated to 70C and the gas fl ow
rates thnooghiebe spargers were 50 standard cubic centi nRCEUSO@®N32M nut e
(sccm. The operation of the fuel cell for Tests (1) and (2), explained
below, was 5 as follows. N trogen was first passed to both anode and
cathode flow fields through the spargers. An air pre-heater was al so used
bet ween the spargers and the fuel cell that was heated to 100C initially.
The hot plates on the anode and cathode sides of the fuel cell were heated
to 100C and tthmmghdleZﬂﬂﬁ aledtrmsfﬁxrmehe@dterﬁﬂ ohrbmtmtomgphiﬁmmgam ext er nal
surfaces of t cel | g_fl el d bl o k 10 Test. ( 1 The  oxygen

pr e- heat er aﬁ%"i‘ﬁ?‘ﬁ??‘ﬂé’&e fr togpiEn Welfte Te cheunigy] reagtign desceiRpdabVere for the

graphite ano%%@qe%ﬁ,g@gftﬁelfg%‘m Irgad%ﬁg es was achieved at 200C, the
fuel and oxidant stream of hydrogen and oxygen was delivered to the anode

and cathode of the fuel cell respectively using a Unit [Instrunents Series
7000 l\/gss fl ow con O%Je er S @D 92@5 ﬂl gital control unit. 15 The Unit
I nstrunents Mass ﬁf?‘d’l & DX-5 di gital control unit were

pur chased from Unl(tathdlii:thaBmi%OEHCZH%QéJa)'HzOda CA. Test (Z h The oxygen
preheater was maintai ned at 250C. Once a steady - state tenperature for the

graphite anode and @@thrsgiior Fow %@ @ BiQcks was attained at 250C the fuel
cell performance data were obtained as in test 1, with 20 the exception
that the cell tenperature was 250C. Fuel Cell poI ari zation experinents were
done for both TestrEhe(dh)vn@lﬁbrc(eZ))r theiabbvereadiicns isthe (e bndEhe ot saBionh for PGSTAT20
poten}l ostat., The urren%mﬁl vol t age CU{lVeS were recorded at a cell

t enpet@t ure dhe SyBRISHPRS i gy eefls Wich )2 ontanegusiteRCtoa, LBes

potentials b%Wﬂl@rethMnQQéesQnﬂed/b}t e cﬁrr&ﬂt% a@@ﬁdﬁ%ﬁ o%?ot%fmﬁo Thedl each
potential. The following figure shows the |-V polarization curve at 200C

and 250C. Hyd?eo@enan@meelf@dcstdmda@stﬂhm smwode FearePyti ¢ surface. Each
di at om ¢ nol ecul e fg IQR&8L, hOSES ct el ectrons and becones two protons.
The two el ectrons ternal circuit. The protons pass

through the Pd f @ifure9dhbWe fuel BelDp&toriacdduries! anedaichivasieas ade side.

The el ectrons_ go 30 through the external circuit, where work can be
per f otfred, arthisimentign isqgpate of obtaining fuel cell performance curves at temperatures

higher than phosphoric acid fuel cells and alkaline fuel cells, yet at temperatures
lower than molten carbonate fuel cells. The above data also show that the
performance of the MEA improves as the temperature is increased. Prior to this
invention, no fuel cell performance curves have been obtained at about 250°C.

20 The conductivity of the EIPC whose fuel cell performance curve is shown
in Figure 9is 1.0 X 10 S/cm. Given the value of the conductivity of the EIPC, a
thickness was calculated that would yield a film with a selected area specific
resistance (ASR). The criteria used was that the area specific resistance of the
MEA should be comparable to the area specific resistance of Nafion at 80°C,

25 which has a proton conductivity similar to that of a material that would be within
the gap of Figures 1 and 2. The selection of the film thickness of the EIPC such
that the MEA has sufficient proton conductivity equivalent to that of Nafion at
80°C was done as follows. |

Conductivity o (in S/cm) =L/(RA)
30 Where L is the thickness in cm, R is the Resistance in Q and A is the area

in cm®.
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cat hode catal ytic surface. At the cathode catalytic surface, protons con ng
30 WO 02/11226 PCT/US01/ 20032 through the MEA, electrons fromthe external
circuit amadopxpgen fromthe gas phase all cone together pOTAUSOIMR0NEL er. The
chem cal reaction described above. can be described by the foll ow ng

reactions: 5 Anode Reaction: H2 - 2H+ + 2e Cathode Reaction: 1/2 02 + 2H+ +
2e -* HRO Total Reaction: H2 + %2 02 - H20O The driving force for the above
reactions is the free energy of reaction for 10 the conbustion of nethanol
wi th oxygen, which is a spontaneous reaction. The rate of the reaction is

described by the Q&i‘éiSﬁémﬂ@RasﬁtHﬁUét(A(SR)QiQRﬁlz&ﬂRAa*L/(The per f or mance

curves for test 1 and test are sown in Figure 9. (D) Fuel Cell

Per f or mance Dat a IﬁOQNﬁﬁog 1%716‘&/\%@%@16 clestlyjierisienemicdn theropder of $ e Qat a
dermonstrate tfhats %{1&31 invention is capable of obtaining fuel cell

per formance curves fu enperatures higher than phosphoric acid fuel cells

and aI kal i ne fuel Hrmbd,SASK @dr Ndfidnel e 801C, @ader movwasl fublesellroplefaéion ear bonat e
f uel IIs he 8120\/@ data al so show that the performance of the MEA
irrpro s as tOn]éOt fPerature is increased. Prior to this invention, no fuel

cel | performance gt H{%SEI!P@VﬂleQEﬁEn&QL%%Qﬂt&h&Q%'Eat%?}pﬁieA?ﬂ(i@?e

conductivity of the EIPC whose fuel formance curve 1s shown in
Figure 9 is INajiox llomdé?/rmmnatfuvbcrelltdperamag eendifiortshiecadingio thedotmulef t he
El PC, a thicknes | culated that would yield a filmwth a sel ected
area specific ilw?‘gﬁgg ®(ASR). The criteria used was that the area

specific resist anqv@glﬁa‘: 10 kRowMBEA vanantb ST Qpal pwitR thiskdebeoBnerImpeci fi ¢

resi stance of Nafion at 80C, 25 which has a proton conductivity simlar to

that 80 a natiepmaimicieas) favaNafion 1A nrembrancH@ 8@3@ and the Mdeef Tesbhd 2. The
cuf i ci ent prOPORERIEE oD daPIsy brorrs Stk Mir REFROA (Gea0C uas
done as foll Qh\érem%ﬁ&'t@tpréﬁbh)éoﬁdt(chﬂﬂﬁ%ﬁlalwl%ﬂ Boh @0 s\bebethle dhfié he
thickness in cm Ris the Resistance in Qand Ais the area
region as 19 ohms. The ASR for this 76pm EIPC membrane was calculated to be
75 Q.cm?. In order to satisfy the criteria that the ASR be similar to Nafion 117 at
15 80°C, the ASR has to be about 0.150 Q.cm? (as that of Nafion 117 in Figure 10).
By reducing the EIPC membrane thickness of the MEA of Test 2 from 76 pm
(Example 1 of Figure 10) to about 0.15 pm (Example 13 of Figure 10), this ASR
criteria was satisfied as shown in Figure 10, in which “ITE membrane” refers to
MEA of Test 2. ,
20 The thickness of the EIPC of the MEA of Test 2 and the corresponding
area specific resistance for Examples 1 to 13, which are plotted in Figure 10, are
shown below:
Example 1:  Thickness=76.2um; Area Specific Resistance = 75.97 Q.cm?;
_ Example 2:  Thickness=50.8um; Area Specific Resistance = 50.64 Q.cm?;
25 Example 3:  Thickness=25.4um; Area Specific Resistance =25.32 Q.cm?;
Example 4:  Thickness=2.54pm; Area Specific Resistance = 0.253 Q.cm?;
Example 5:  Thickness=0.23um; Area Specific Resistance = 0.23 Q.cm?;
Example 6:  Thickness=0.203um; Area Specific Resistance = 0.202 Q.cm?;
Example 7: - Thickness=0.178um; Area Specific Resistance = 0.177 Q.cm?;
30 . Example 8:  Thickness=0.152um; Area Specific Resistance = 0.152 Q.cm?;
Example 9:  Thickness=0.127um; Area Specific Resistance = 0.126 Q.cm?;

32



in cn2. 31 WD 02/11226 PCT/USO1/ 20032 Area Specific Resistance (ASR) in
Qcnm2 = RA =L/ 6 For Nafion 117 at 80C, the electrolyte resistance is in
t he ordew@b2/B26n 92 on a 5 cnR fuel cell. Hence, ASR forpCNakoiooRl7 at
80C, under nornal fuel cell operation = 5 0.150 Sl.cn2 For the EIPC, the
thickness L was determned to satisfy the ASR for Nafion 117 under nornal
fuel cell operating conditions according to the formula: L = (ASR).a
Figure 10 shows the variation of ASR (S2.cn) with thickness of the EIPC 10
in .tm(mcrons) for a Nafion 117 nenbrane @80C and the MEA of Test 2,

whi ch was t egkadpRtl 0250GickhéRa0.1 bBuh; XredSpeeifRfRdsheanVEA 0f01T@S?2 (Figure
9), the resistance to proton conducti vi tg/ was cal cul ated fromthe slope of
the ohmic r&gpenledd: 1§"Em1ms_s=¢ﬁ%6m&@ﬁ rewific Registancpe MR eme was

calcul ated t 75.S L S | Li i hat the ASR
be simlar téﬁ)x%{;ﬂeol%' 1%]?&;%? esi56'.88&9ﬁt %&A%%%@sy S%spagiggat%ﬁl sg'.c 0 QcnR (as
that of Nafiamd117 in Figure 10). By reducing the EIPC nenbrane thickness
of the MEA of Test 2 from76 g Exanpl e 1 of Figure 10) to abgut 0.15 m
(F Exanp! 5013_ \Tﬁwdgﬂ %&0@?@0&@%{@%% w%ﬁl%aé?@f f;f%%’f %’Ecg’s?_ﬁvm in

I gure , I'n | " AR ate TRIeE CRI1 gtﬁ 0] es . e

t hi ckness of the ‘I(?IjPC O‘ELHTFIV 1o 7 he corresponding area
speci fic resi st antigufotl Beasrpémstidoftapattdy] refhinsdte aysterp mdieteetlie fuel Fi gure 10,
are shown bel ow. Exanple.1: .Thi ckn 313;76. Area .Specific Resistance =
7597 . cne; PRERRER BTy (e uESelor Bire A B Nes T P o RS SR, S0, 64
n.cn2; 25 ExapélPthdt deliVeftas®tROrctinel\ RoteIRE Bhsehe bahé WEHaRT = 25. 32
n.cnR; Exanple 4: Thickness=2.54m Area Specific Resistance = 0.253 n.cn2;

Exanpl® 5: TRREhueis-Ohoamplateticgpers HFerRs ghighisapentpe ppmbranee;  Exanpl e
6: Thi ckness g0 BrutfufaPEsild bferfie 3t RhPYFurss Rod303%4MPC. This

permits high quality heat to be transferred from the fuel cell to the reformer. The

reformer requires heat input because the reforming reaction is endothermic. It is
well known that increasing the operating temperature (150 — 350°C) of the fuel

15 cell relaxes the catalysis demands. Nickel could be used as an anode catalyst.
The advantage of this concept is that the intermediate temperature fuel cell could
be thermally integrated with a reformer. At sufficiently high temperatures,
methanol, CO and hydrogen are all fuels. The reformer need only produce a
sufficiently high partial pressure of hydrogen to load the foil. Thus this system

20 obviates the need for the shifter and the PROX unit. Further, the exothermic fuel
cell could reject heat to the reformer.

A partial reformate fuel cell could be made by standard technologies
incorporating fuel processors. Since the fuel cell is operated at elevated
temperatures, the WGS reactors and PROX unit are removed. The partial

25 reformate fuel cell of this invention would have the high temperature electrolyte
system to enable the partial reformer system to operate at elevated fuel cell
temperature.

The partial reformate fuel cell of Figure 10 is used as follows. Methanol
and water is delivered to the reformer. The endothermic reformer is heated by

30 burning the unused fuel from the anode tail gas and by heat rejection from the fuel

cell to the reformer. Hydrogen, CO and some unreformed methanol exits the

33



Exampl e 7:, Thickness=0.178m Area Specific Resistance = 0.177 S2.cn2; 30
Exanpl e 8: Thi ckness=0.152m Area Specific Resistance = 0 152 Q cng;

Exanpl e WO Mhikaess=0.127m Area Specific Resistance = 0paRES82200322; 32
WO 02/ 11226 PCT/ US01/ 20032 Exanple 10: Thi ckness=0. 102m Area Speci fic
Resi stance = 0.101 n cn?; Exanple 11: Thi ckness=0.076m Area Specific

Resi st ance 0.076 n.cnR; Exanple 12: Thickness=0.051m Area Specific

Resi st ance 0. 051 Q.cer; and 5 Exanple 13: Thi ckness=0.025m Area

Speci fi c Resi stance 0.025 n.cnm2. (3) Partial Reformate Fuel Cell System

Figure 11 i sreforstd af@ld Eelivbred tPeHetanade plemanh GRiR MR R @ okde s uel
processor is external to the fuel cell. Figure 11 shows an internedi ate

t enper at ur e O¥idized gkthe appda. Thel GQ #vill npepaisanghe peodediegruse the tpperatile absence

of the WGS ajy I aeﬁ a high
t enperature men%glfﬁ fhgﬁ’%ldlz%—iﬁ @%Sogtaﬁégcf%ﬁ{ﬁhou (gﬁ%%%f% e a?

t enper at ur escédmbustidh Guel, AEOVitH Ithesmrmfeﬁlliyﬂrdgeg ko poaidethyatitedie t o be
transferred

fromthe fuel cell he The reforner requires heat
i nput ecaus RSy ihﬁrter}f H‘gplfe@%‘iem%’l’i "e‘gﬁﬁ%ﬁ’qﬁ@rmﬂgtf’@l’“@@m known t hat
i ncreasi ng the.0BEs & ¢AYnd el l
rel axes the ca?aleys?g @demg%@%ﬁﬁdéﬁ cou dol% gegftlgé&gnrﬁgaﬁﬁor }én taI yst.
The advant agkasgiretibasdy beerciapbducedt hat the internmedi ate tenperature fuel
cell could be thﬁrmall)ki ntegrated with a reforner. At sufficiently high
tenperatures, ne hydrogen are all fuels. The reforner need
only produce a swfdhdnbPitrbibribdi t&ﬁ%érhﬁkesﬁfe%&'ﬂrﬁo% ahly $5(>8¢ éﬁ& | oad the

an

foil. Thus this system 20 obviates the need for the shifter the PROX
uni t . 10Fur.t hethe fa¢leelk pétieinvertidneah operatd at thesé tbnmesirasates, Hh@tatalwsttfhe r ef or mer .

A partial ref uel cell, coul d be b da ec, |es

i ncor porati ng%ﬁﬁlél?l rS{O(%lé%gs%?P Hﬁoﬁ%oéattefliglarfﬁg' f1IhF%I iﬁ%‘isr % gal evat ed
t enper at ur esplehine. WEhs h@aolomsthansl RREXdHNdre®ioahs SiTA¢ERw T8 apdbé i al 25
reformate fuel cell of this jnvention would have the high tenperature

el ectrol yte C@V@ﬂ@iﬁqwdé%m diregthpinghe flpw|fieldf Hs ﬂ@rhyslme@m then opidizad e at
el evated fuel; fiehlode the equilibrium for the reforming reaction is shifted to the product

15 side (i.e. more hydrogen is produced as the hydrogen is consumed at the anode.

The concept of putting methanol reforming catalysts in the flow field is not new.
This strategy is used in the molten carbonate fuel cell industry. In that industry,
methane reforming catalysts are incorporated in the anode flow fields. The
methane is reformed internally and oxidized at the anode. Attempts have been

20 made to reform methanol internally in polymer electrolyte fuel cells. The results
were very poor because the operating temperature was too low. The upper limit
of the operating temperature was always determined by the upper limit of the
polymer electrolyte. Since the concept of this invention permits the operation of
the membrane electrode assembly at even higher temperature, the reforming

25 process kinetics are much improved. Thus the concept of this invention enables
the technology of internal reforming 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 Figﬁre 12, which shows that the internal
reforming output is about the same from 200°C to 300°C at two different flow

30 rates of aqueous methanol feed. Almost all of the output can be accounted for by

hydrogen and CO,.
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tenperature. The partial reformate fuel cell of Figure 10 is used as
follows. Methanol and water is delivered to the refornmer. The endothermc
ref or mer wa@ otieeed by 30 burning the unused fuel from thePanode/ai2 gas
and by heat rejection fromthe fuel <cell to the refornmer. Hydrogen, CO and
some unrefornmed net hanol exits the 33 WO 02/ 11226 PCT/ US01/ 20032 reforner
and is delivered to the anode plenum of the fuel cell. The hydrogen is

oxi di zed at the anode. The COw |l not poison the anode because the
tenperature is too high. The unoxidi zed net hanol and CO exits the tail gas

and serves as corhegbdveriekdiPtion & rogndditd chitde WpeRaE tldledindho©ge o t 0
provide heat to the 5 reforner. There is no gpecedent for. this at the

cl ai med oper Biekagnd uyadhe ivgntéon, padhisereridesin the eotexd 062 patisilaise no MEA
operating in al.p% roduced.

I nt er nal Ref oélﬁ icatl&ﬁgpﬁﬁsa}eﬁﬁ]?eslﬁ@% for §g?6 cﬁ%&aﬁéxﬁ%@é&?ﬁﬁfé é{k \tgxlleen 250C and
350C. Since eﬂlﬁodlhﬁanfsweﬂl heebidllgfappdireﬁt to rﬂmats]qdiad uaﬁhecageamltthe atneticese

t enperat ures, the c t for nol can b cor.por at ed
di rectly int BiRfRles 36%1%‘1 T gy FHBP Bé’%h 8 e?ﬁ@ﬁ&aﬁl%ﬂ D%ret hanol
can be deli V%tﬁgutt&é\%m&g%gﬂlef #i%l‘g’aﬁ& SdoPe %@%etiﬁven@igﬂv?ﬁﬁse@hﬁ RAvBysiogen

directly in the flow field. As hydrogen i s then oxidized at the anode
the equili br imtﬁmﬁndeldéo betioiteid ngthﬁembbdmem&ssmwm bwds todbetdgeordedthgct 15
side (i.e. en IS ced a dro onsuned at the
Snode. " The dirsbiergpomivd GBI RandRel BRI HdRe BRER e (1 ow
field is not new. ThiEl“HpﬁhédtiroﬁTd%bbsésﬁseuaﬁﬂnurﬁeﬁdaﬁraﬁgé ligitagaisb Paabas f uel cel |
industry. In that industry nmet hane reform ng catalgsts are |ncorporated

in th anodeskill @wrﬂhepﬁwﬂdw@cwmthét th@ﬂ\&@ﬁla@mgieﬁ is¢lasadiighogedlyoxi di zed
at the anodeg, géneﬁi&%/*aﬁ?%’hﬁe S eh9a1ff£I méﬁ%&%ﬁlﬂi regiernally in

pol ymer elect Iyte e very ecause t he
operati ng t enmge diimitationdsndt @mtddwbaﬁhmnuh@ epreciﬁcand)n b@hu&ehmsom&tnabn ng

tenperature was, al ways determn t he upper limt e | ymer
el ectrol yte. “&% l?ﬁ]éraf%@dég‘i%@&mg’ﬁ ‘ﬁ%@eﬁ?ﬁ 73 FRTSES- ngﬁ’gf‘{‘]%toég%r ation of
the menbrane  gliee} WRUR ASSBAR krfunfih SR SullitHRET addeiRRS BE Wifttent he 1 ef Orm ng

15 description requirement to eviscerate claims that might be narrowed during

prosecution simply because the applicants broadly disclose in this application but
then might narrow their claims during prosecution. Finally, the entire disclosure
of the patents and publications referred in this application are hereby incorporated

herein by reference.
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25 process kinetics are much inproved. Thus the concept of this invention
enables the technology of internal reformng for fuel cells within the

t enper at we ozyap226 bet ween the nolten carbonate fuel cell anpdrk@/bsrsphoric
acid fuel cell. Data on the reformng process is included in Figure 12,

whi ch shows that the internal reformng output is about the same from 200C
to 300C at two different flow 30 rates of aqueous nethanol feed. Al nost all
of the output can be accounted for by hydrogen and CO2. 34 WD 02/ 11226
PCT/ US01/ 20032 The above description is presented to enable a person
skilled in the art to make and use th@l'aimention and is provided in the

modi 1 cati ons to the prAlk SRTEHCALHGBUHBRPEAR FIIGEOF BRETepUasar ent t o
those skill e@lebﬁo&@@sgé}%l tRAGs éaﬁ&@blg%@‘ééﬁ\%r@lﬂﬂeﬁﬁéd%ﬁérgﬂﬁf hpadifierei n may
be applied to other embodi ments and applications w thout departing from

the spirit andoslﬁ@p‘@amnerg‘beatlaﬁvrammblm offdhest 220Coiahew $60UR i s not
intended to be limted to the enbodi nents shown, but is to be accorded the
wi dest scope consistent with the principles and features disclosed herein.

This application discl QafdeffMRARY iftulHEnE adton e dRclor BT 4 Rlch®Rfme Persons 10
skilled in the art would recognize that the nunerical ranges di scl osed

inherently §lgpjseda assppblydhajds capellieref corveniingehosucpl nugrey pEareactiones even
though a pregj g%lec{rﬁggfrhekwt taL, ?é}a{u?e @Pébo%{ f I ac¥?1ég@t5'5m dhe

speci fication because nvention ~can Hout the

di scl osed nuekrircaikaltyaingestingprohdiondudter ddfmmmmg nb Iaaﬂy:omuhﬁlg ligndtd form .
triunph over substance" and allow the witten 15 description requirenent to
eviscerate cP8™¥s that might be narrowed during prosecution sinply because
the applicants broadly disclose in this application but then m ght narrow
their clains during prosecution. Finally, the entire disclosure of the
patents and pubI i Gat i onfsprogfnegondabting ctohip@sia@mlembmnb@mnaris'ngeneby

I ncor por at ed electergr?llczrﬁ Xlsﬁlgtﬁneg pergf:on conguc\{g% 012 /rrlléLn% rane grctr ela/ssze(i)nqagiy tha(f:I ai s
is capable of converting chemical energy of a reaction into electrical energy at a

temperature of about 220°C to about 550°C.

4. A proton conducting composite membrane comprising an
electronically insulating proton conductor of a membrane electrode assembly that
is capable of converting chemical energy of a reaction into electrical energy at a
temperature of about 175°C to about 550°C, said electronically insulating proton

conductor containing no acid to maintain conductivity.

5. A membrane electrode assembly comprising an electronically
insulating proton conductor and being capable of converting chemical energy of a

reaction into electrical energy at a temperature of about 220°C to about 550°C.

6. A membrane electrode assembly comprising an electronically
insulating proton conductor and being capable of converting chemical energy of a
reaction into electrical energy at a temperature of about 175°C to about 550°C,

said membrane electrode assembly contains no acid to maintain conductivity.
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1. An electronically insulating proton conductor of a nmenbrane el ectrode
assenbly that is capable of converting chem cal energy of a reaction into
el ectricavoenengy at a tenperature of about 220C t o about PEBEOSH1/2032AN

el ectronically insulating proton conductor of a nenbrane el ectrode
assenbly that is capable of converting chem cal energy of a reaction into
el ectrical energy at a tenperature of about 175C to about 550C, said

el ectronically insulating proton conductor containing no acid-containing
liquid phase. 3. A proton conducting conposite nmenbrane conprising an

el ectronically ingul at Arrgerpblmn@alecmcnthmtmmblwbompmingaamaléllyétide: ode assenbly

that 1is capabl e of .,con .ng, chem cal of a reaction into
el ect i cal  SRUPGY 2B 53 Sl LML ARLAHE HOBHC PSR ABTIEALEEER,, A
proton condugidpdgt. conposi te nenbrane conprising an electronically

i nsul ating proton conductor of a nmenbrane el ectrode assenbly that 1is
capabl e of converting chem cal energy of a reacti on into el ectrical energy

at a terrperature of about 1 SCt bqut 55 ctronl ally

i nsul ating prot on con?ﬁ%fngfn LB g‘?c 0 ‘aasﬁg g@ &s? W TR ad(gnducti vity.

5. A nenbr angleekr@hitdRdesudaiPabtin CORMRIct i gataRzal. ect rom cally insulating
prot on conductor and being capable of converting chem cal energy of a
reaction into electrical energy at a tenperature of about 220C to about
550C. 6. A nenbrage el ey QEF nically

i nsul ating pr otongcondg@%ﬁggrﬁ: rQ@el n aé‘g?g lél%%wlggﬁr}\a/@lﬁﬁig%chem cal energy
of a reacti oonduntod, saldefuitl detideingrvapahie af canverimgehamicaberaigyabut 175C to-
about 550C, sai.d nenhrane el ectrode assenbl ontain acid to maintain
conduct i vi t y"e28Eonpielpanod) snesey Al RIS of oftpbo ﬁ@@%ﬁ@uéfiﬁ ode
assenbly conprising a netal hydride support and an electronically

i nsul ati ng proton conductor on said netal hydride support. 8. The nenbrane

el ectrode assenbl y¥0.of Fhaifuel Fll effdaisi 9, fodhet compssmg@nn@a]lhyylndnsul ating
proton conductor is catalyzed.

11.  The fuel cell of claim 9, further comprising a mixed conductor

capable of conducting electrons and protons.

12.  The fuel cell of claim 9, wherein the fuel cell is capable of

reforming a chemical entity into another chemical entity.

13.  The fuel cell of claim 9, wherein the fuel cell comprises a

reforming catalyst.

14. A fuel cell comprising an electronically insulating proton
conductor, said fuel cell being capable of converting chemical energy of a
reaction into electrical energy at a temperature of about 175°C to about 550°C,
said ele‘ctronically insulating proton conductor containing no acid to maintain

conductivity.

15.  The fuel cell of claim 14, further comprising a metal hydride.
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9. A fuel cell conprising an electronically insulating proton conductor,
said fuel cell being capable of converting chem cal energy of a reaction
into el esw@bval22energy at a tenperature of about 220C to rODUSIIEHER2. 10.
The fuel cell of claim9, further conprising a metal hydride. 11. The fuel
cell of claim9, further conprising a m xed conductor capable of
conducting electrons and protons. 12. The fuel cell of eclaim9, wherein the
fuel cell is capable of reformng a chemcal entity into another chem cal
entity. 13. The fuel cell of claim9, wherein the fuel cell conprises a
reform ng catal ysi6. 14Thafifelie¢l] oledlhint bhpitldr egmarisis eatirehcemlubpri nsul at i ng
proton conductor, sai .uel . cell being capable of converting chem cal
energy of a C?pé'lgtﬁtqff?ﬂm?ur‘f}%gg]e tg?r}siacr%prgt%?.gy at a tenperature of about 175C
to about 550C, said electronically insulating proton conductor containing

no acid to maintain conductivi t&;@’ls' The fuel cell of claim 14, further
conprisi ng a net all7hydfhel&el cdlointriop] 4 rdpeiptE fugdoellinogebled. The fuel

cell of claimg4,. rihe Prisin L xed co ctor capabl e of
conducti ng efeéf%]fﬂlrngéné c%%afcﬁf%}qp%isn% ig?tﬁef%elﬁhcgfengg#l of claim 14, wherein.
the fuel cell is capable of reformng a chemcal entity into another
chemcal entity. 18,. A fuel cell conprising el ectrodes and neans,

responsive to expdsur & gl ol cormpsising elaciinflesandangans.respogpive hver t i ng
heni cal han: i el ' f
chem ca e”%ﬂ%%sﬁlfe &g&%@&%&é&?ﬁf#%@ﬁt féf f:&ﬂv%ﬁinlg%ﬁi%él ?ﬁer beferature o

about 220C to out conpri sing electtrodes and neans,
responsi ve t ecactopmsuelectaal@nelggas b tampnatnieceflabeuwtt220§C td avout 650F€L. t i ng

chemi cal energy of a reaction into electrical energy at a tenperature of
about 175C to about 550C, said electronically insulating proton conductor

containing no aci dot o AekBL @IonfRRASCdNLHYs ardGneafts S¥SToRENVERS generating
electricity, conprising a fuel reformer and ]

exposure of at least a chemical entity, for converting chemical energy of a

reaction into electrical energy at a temperature of about 175°C to about 550°C,

said electronically insulating proton conductor containing no acid to maintain

conductivity.
20. A system for generating electricity, comprising a fuel reformer and
a fuel cell, said fuel cell being capable of converting chemical energy of a reaction

into electrical energy at a temperature of about 220°C to about 550°C.

21.  The system of claim 20, wherein the fuel reformer is a syngas

generator.

22.  The system of claim 20, wherein the fuel reformer comprises a

reforming catalyst in the fuel cell and/or an external reformer.

23,  The system of claim 20, further comprising a water gas shift

reactor.

24.  The system of claim 23, further comprising an oxidation unit.
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.a fuel cell, said fuel cell being capable of converting chem cal energy of
a reaction into electrical energy at a tenperature of about 220C to about
550C. 21wahriryet em of claim 20, wherein the fuel refornR€TUSOIZR0832NgaS
generator. 22. The systemof claim 20, wherein the fuel refornmer conprises
a reformng catalyst in the fuel cell and/or an external reforner. 23. The
system of claim 20, further conprising a water gas shift reactor. 24. The
system of claim 23, further conprising an oxidation unit. 38 WD 02/11226
PCT/ US01/ 20032 25. A systemfor generating electricity, conprising a fuel
reformer and a nentiane Alspgemdoegasséng klecitioitprdosipniyingra fakleeformer aml | y

i nsul ating proton .conductor, said nmenbr.ane el ectrade, assenbly bei ng
capabl e of condEFEPHGe equ&m'i%%ﬁselg rGYPEFrg aPé%&FPIE}ﬁ:]}YnWE)‘ﬁ@ﬁlI%RfPFOBm ener gy

at a tenper at uRddtodBAHmerdtiRle é1&@eu§se§é%ei§%%ﬂ>a%%%6m ly

insul ating proton conductor containing no acid to maintain conductivity.
26. The syst enshsmical anergy 6f a viactien mta ¢lectfical lenergy ot artempetateresy Ao

generator. 27. sysSt cl ai 5.. wherein.the fuel reforner.conprises
a reforning c%@&&% %g?uﬁ %‘38{%63 F%ceggfcl%mgﬁy}q%lﬁlsgﬁtné%(?@;oﬁaﬁong%?t%rrC%Fa.mﬂ%. The
system of cl ai o &id togiheincddicsyingas generator is capable of generating

hydr ogen. 29. The system of claim 25, further conprising a water gas shift
reactor. 30. The systemof claim?29, further conprising an oxidation unit.

31. The el ectronicaldy iﬁé%y%%%ﬁ@fdﬂiﬂl gnv@gg%ggﬁelqéfoﬁh@ﬂigfa

t 2,
wherein the el ectronical ating proton conductor IS sel® %8d fromthe
group consi stgangratifr. Ba3Cal. 18Nb1. 8208. 73- H20 (BCN 18); CsH2PO4 ( CDP);
Sr[Zro.9Yo. 1] 03-8 (SZYO; pol yphosphate conposite containingl9.96 w % NH4,
29.3 W% P. 1.51 % Si; Lao.9Sro.i Sco.9wo. 133 (LSSM; and

27. The system of claim 25, wherein the fuel reformer comprises a

reforming catalyst in a fuel cell and/or an external reformer.

28.  The system of claim 25, wherein the syngas generator is capable of

generating hydrogen.

29. The system of claim 25, further comprising a water gas shift

reactor.
30.  The system of claim 29, further comprising an oxidation unit.

31.  The electronically insulating proton conductor of claim 1 or 2,
wherein the electronically insulating proton conductor is selected from the group
consisting' of BazCa; 138Nb; 8,05 73-H,0 (BCN 18); CsH,PO4 (CDP);
St[Zr99Y0.1]03-5 (SZYO); polyphosphate composite containing19.96 wi% NH,',
29.3 wit% P, 1.51 wt% Si; Lag 9Srg 1Sco.oMgp 103 (LSSM); and
BaCep 9xZrxMy.103.5 where M is Gd or Wd and x = 0 to 0.4 (BCZMO).

32.  The proton conducting composite membrane of claims 3 or 4,

further comprising a metal hydride substrate.
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BaCeo. 9- XZrr Mo. 103-s where Mis Gd or Wi and x = 0 to 0.4 (BCZMD . 32. The
proton conducting conposite nenbrane of clainms 3 or 4, further conprising
a netal wapde2eubstrate. 39 WO 02/11226 PCT/ US01/ 20032 PGBUSTi®032r ot on
conducting conposite nenbrane of claim 32, wherein the netal hydride is
selected fromthe group consisting of Pd, a Pd alloy, VINI/Ti, V/ N, VITi,
PdAg, PdCu, Ti, LaNi 5, TiFe and CrV2. 34. The nenbrane el ectrode assenbly
of claimb, 6 or 7, further conprising an anode and a cathode. 35. The
menbrane el ectrode _assenbly of claim 34, wherein the anode and/or the

cat hode conpri ses3& noBihe PrepPRFongyating comnasie psBIsaneaf£1aim3g, Wiretginnenbr ane

el ect rode aspanblin Alarfkal W BARTR BobenRNRHE or 8804 ahilevaRitiode

conprises a layer ¢ oW n usi on an conducti on of
el ectrons. 3W/NINTirPdNcaraCe) BicLiNGET s andliky,.0of cl ai m 36, wherein the

| ayer is selected fromthe group consisting of a carbon cloth and a netal
cloth. 38. A nethod for converting chem cal energy of a reaction into

el ectrical energyg,Commtghdigh EXPASH N e 3ekehilb Mcqgﬁhp d & 7, AgtHept | NG proton
re o

conductor to a chemcal entity at a tenperat about 220C to about
550C, and geompasinggn ehedst andraxtathodef orce (enf) across the electronically
i nsulating proton conductor. 39. The nethod of claim38, further

conpri sing exposing the electronically insulating proton conductor to an

oxidant. 40. The nst hodhefimGhihie cirdd hiRAILIFOMMAINS I GvHREGH Helanddd he
chem cal entity by reform ng another chemcal entity. 41. A nethod for

converting c clie catherlegomoprises paqbleingsiali andior agloagioblegastakner gy, S
conpri sing exposing an electronically insulating proton 40 WO 02/ 11226
PCT/ US01/ 20032 conductor to a chemical entity at a tenperature of about
175C to about 55086. The membrane electrode assembly of claim 34, wherein the anode

and/or the cathode comprises a layer capable of allowing diffusion of a gas and

conduction of electrons.

37.  The membrane electrode assembly of claim 36, wherein the layer

is selected from the group consisting of a carbon cloth and a metal cloth.

38. A method for converting chemical energy of a reaction into
electrical energy, comprising exposing an electronically insulating proton
conductor to a chemical entity at a temperature of about 220°C to about 550°C,
and generating electromotive force (emf) across the electronically insulating

proton conductor.

39.  The method of claim 38, further comprising exposing the

electronically insulating proton conductor to an oxidant.

40.  The method of claim 38, further comprising producing the

chemical entity by reforming another chemical entity.

41. A method for converting chemical energy of a reaction into

electrical energy, comprising exposing an electronically insulating proton
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and generating electronotive force (enf) across the electronically

i nsul ating proton conductor; wherein said electronically insulating proton
conduct owa@onigecqis no acid to maintain conductivity. 42.pThesemtobizd of
claim4l, further conprising exposing the electronically insulating proton
conductor to an oxidant. 43. The nethod of claim4l, further conprising
produci ng the chem cal entity by reform ng another chem cal entity. 44. An
el ectronically insulating proton conductor of a nmenbrane el ectrode
assenbly that is capable of converting chem cal energy of a reaction into
el ectrical enexdygtoato achenjpelrantity & adémpéretire Xaltont ABSAtto ¥hputWwhier@i n sai d Y
is greater thap said. X .and said_X and said Y are selected fromthe group
consi sting of® %?fl,emég’@,elefﬁr@fno%@,for%%mfg%,ossz‘@@,ele?@@l,“’ yonsweime 320, 330,

340, 350, 3 Q)tor?’gcglduél%%w Gn sﬁ@@lecﬂéﬁcalﬂ@&sulﬁ@l@g pﬁ)ﬁgy coﬁéﬁ’ctoﬁ&&haiﬁgo, 480,
490, 500, 510, 520, 530 and 540. 45. An electronically i1 nsulating proton

conduct or of na agdrtb emgainglopductivde assenbly that is capable of converting
chemi cal energy of a reaction into electrical energy at a tenperature of
about XC to about YC, wherein said Y is greater than said X, and said X

and said Y are selgct ed‘h%&ﬁ&ﬁﬂddhﬁ‘cﬂiiﬁ@,ﬂﬁﬂi&%&hﬁﬁn%&g%@ﬁ 80, 190, 200,
210, 220, 230, 240, 250, 260, 270, 280, 290, 300, 310, 350, 330, 340, 350,
360, 370, 38eleczoycallpipsulating prateg coudwior4gEn of8nt. 460, 470, 480, 490, 500,
510, 520, 530 and 540, said electronically insulating proton conductor
contai ning no acid-containing |liquid phase. 46. A proton conducting

conposi t e nmenbr and3conihk sidighdeot clatmeldt figthie abmyriding prodticing ther ot on
conductor of a menbrane el ectrode assenbly that 1is capable of converting

chemical eneflgmige! eatitwby refgming apthar chemicabentdyer gy at a 41 WO 02/ 11226
PCT/ US01/ 20032 tenperature of about XC to about YC, wherein said Y is
greater than said X, and said X and said Y are selected fromthe group
consi sting of 22044230 AreléstronRBly ir26Rting phtorR 8hduzedof BHGMbELE, 320, 330,

238: ggg: §$g5ec§%8{ asgably 1L is,ghpable of Sotiverting chemncal ety ofa teactiort 0 489"
into electrical energy at a temperature of about X°C to about Y°C, wherein said Y
is greater than said X, and said X and said Y are selected from the group
consisting of 220, 230, 240, 250, 260, 270, 280, 290, 300, 310, 320, 330, 340,
350, 360, 370, 380, 390, 400, 410, 420, 430, 440, 450, 460, 470, 480, 490, 500,
510, 520, 530 and 540.

45.  An electronically insulating proton conductor of a membrane
electrode aésembly that is capable of converting chemical energy of a reaction
into electrical energy at a temperature of about X°C to about Y°C, wherein said Y
is greater than said X, and said X and said Y are selected from the group
consisting of 175, 180, 190, 200, 210, 220, 230, 240, 250, 260, 270, 280, 290,
300, 310, 320, 330, 340, 350, 360, 370, 380, 390, 400, 410, 420, 430, 440, 450,
460, 470, 480, 490, 500, 510, 520, 530 and 540, said electronically insulating

proton conductor containing no acid-containing liquid phase.
46. A proton conducting composite membrane comprising an

electronically insulating proton conductor of a membrane electrode assembly that

is capable of converting chemical energy of a reaction into electrical energy at a

41



47. A proton conducting conposite nmenbrane conprising an electronically

i nsul ati ng proton conductor of a nenbrane el ectrode assenbly that is
capabl e ofoonmee¢ti ng chenical energy of a reaction into BRCRUS/WAI2 ener gy
at a tenperature of about XC to about YC, wherein said Y is greater than
said X, and said X and said Y are selected fromthe group consisting of
175, 180, 190, 200, 210, 220, 230, 240, 250, 260, 270, 280, 290, 300, 310,
320, 330, 340, 350, 360, 370, 380, 390, 400, 410, 420, 430, 440, 450, 460,
470, 480, 490, 500, 510, 520, 530 and 540, said electronically insulating
pr ot on conduttngrerawretcdiabdout K Acto ahoutdyY 1@ wiktrein adid Y srafeater thant said X8, A

menbr ane el ectrod ssenhl n electron cal ting proton
conduct or an@%@lig@ﬁgﬁ%a@fﬁﬁ%@é{%ﬂ LRSS 18%8*%%}) 3?8? %r eacti on
into electrigsh 20ermy 284, 2001 TSI @AL0E3TY, 3300350, 360, BP0, 8BOUL90YG00, Wher ei n
said Y is greater than said X, and said X and said Y are sel ected fromthe

group consi s#il®gh20f 4302440,230, 4684470,2480, 4%56000,510, 5248630 20D54B00, 310, 320,
330, 340, 350, 360, 370, 380, 390, 400, 410, 420, 430, 440, 450, 460, 470,
480, 490, 500, 510, 520, 530 and 540. 49. A nenbrane el ectrode assenbly

conprising an el eayr oniAcgbloy cohdsdtinglcon@ogiterhambeasdetpasingnsd bei ng capabl e
of converting chem cal energy of a reaction into electrical energy at a

t enper at ur e BlectpeAllyesHngRseon penducipie aimensbipne stegteodgrasserely thehn sai d

X, and said f 175,
180, 190, 2o§ &g%g ?’5%‘\6@%@ Cﬁg’%&l g‘geﬂiéy g&%&%ﬁh@%gﬁﬂg@@é@ggt;9310 320,
330, 340, 356m@Etauredf@boB80C 18AUDputdVUC, Wiliddein42id,Y &3Deatérdian sed®X, 460, 470,
480, 490, 500, 51 0 an id menbrane el ssenbl y
Contains no. i B4 K RERICY Ao RAFECTUR By Ea% G5 BoPE S5 56 Reg 1861/ 0052
50. A fuel cebb 1eMPIq, §B<!5‘934@r2ﬂ 866,100 884, byo i 9ut A, BBG, 300540 36gnduct or,
sai d fuel cell ’being capabl e of converting chem cal energy of a reacti on

into el ectri day, 3é’ﬁe38j)/3a® 4801 4lrbp 4231430448, 480,0160, KO, #80,499us00/S10, wher ei n
said Yis gr ai and sai.d X .and said Y reslectedfromthe
group consi 55%538 ggéé %lf)l(écﬁrﬁ)ﬁlca %&Su%ﬁgpﬁ%ﬂccﬁgﬁc o8 al%’@,noSlO, 320,

330, acid to maintain conductivity.

48. A membrane electrode assembly comprising an electronically
insulating proton conductor and being capable of converting chemical energy of a
reaction into electrical energy at a temperature of about X°C to about Y°C,
wherein said Y is greater than said X, and said X and said Y are selected from the
group consisting of 220, 230, 240, 250, 260, 270, 280, 290, 300, 310, 320, 330,
340, 350, 360, 370, 380, 390, 400, 410, 420, 430, 440, 450, 460, 470, 480, 490,
500, 510, 520, 530 and 540.

49. A membrane electrode assembly comprising an electronically
insulating proton conductor and being capable of converting chemical energy of a
reaction into electrical energy at a temperature of about X°C to about Y°C,
wherein said Y is greater than said X, and said X and said Y are selected from the
group consisting of 175, 180, 190, 200, 210, 220, 230, 240, 250, 260, 270, 280,
290, 300, 310, 320, 330, 340, 350, 360, 370, 380, 390, 400, 410, 420, 430, 440,
450, 460, 470, 480, 490, 500, 510, 520, 530 and 540, said membrane electrode

assembly contains no acid to maintain conductivity.
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340, 350, 360, 370, 380, 390, 400, 410, 420, 430, 440, 450, 460, 470, 480,
490, 500, 510, 520, 530 and 540. 51. A fuel cell conprising an

el ect r oniw@bt/y12eqisul ati ng proton conductor, said fuel cebPCTH8IVRYORapabl e
of converting chem cal energy of a reaction into electrical energy at a
tenperature of about XC to about YC, wherein said Y is greater than said
X, and said X and said Y are selected fromthe group consisting of 175,
180, 190, 200, 210, 220, 230, 240, 250, 260, 270, 280, 290, 300, 310, 320,
330, 340, 350, 360, 370, 380, 390, 400, 410, 420, 430, 440, 450, 460, 470,
480, 490, 500, 510, 520, 530 and 540, said electronically insulating
prot on conduct or Nt aiyf 52. A fuel
cell conprising e gctrogfue&ﬁg: %@éﬂ%éﬁgoﬁnre%%?ﬁgilc\%ftﬁfégﬁgx%gfso&%/ne of at least a
chem cal ent icogductonrsagibfvekedl teingdepable alf cenerting aibméacal emagy bbam | nt o

el ectrical ener erature of about XC to ut YC __ wherein said Y
is greater tﬁ?fﬁgé‘?ﬂ“go ;e"tgﬁ OSREy Bk TP LA ie Géag?‘ét)gge)(?@c"tb(?&}q{r t he group
consi sting Okyigedh sa?@9: is Sftldter A sakBR, ml%?sgldﬁ%{%d sa%@@r are QBlectdd Gondke. 330,
340, 350, 360, 370, 380, 390, 400, 1b 430, 440, 450, 460, 470, 480,

490, 500, 5ETMUPBROSISROILAN, 2534024&350‘&260,@170 380 2%&@@@0@%8@@; rodes and

Conver t1 g cham o9 h a8t Sl 0B 4R, R0 PETLET B0 o0 oo

tenperature gboyaﬂqougz@(@@gn@mt YC wher ein said Y is greater than said
X, and said X and said Y are selected fromthe group consisting of 175,
180, 190, 200, 210, 220, 230, 240, 250, 260, 270, 280, 43 WD 02/11226

410, 420, 430, 440" agorehuttcopfisiyoitfignioiinsifne Bion 230 o540,
rsr:: gt :: (ra]cg g ggzlgcﬁct/o?r,tdahsﬁxbmﬂllrt@mgw@hbm ofcdstdmﬁtngrchemmaabﬁérgg ofi® acid to -

54. A system for era ectricit conpri si ng
A fuel ref or RS HopicH saefep at dsraperitur @53 t%é"% beHh | & of
converting cham}&alai®Res Geald: tRm KACK aﬁﬂsaid@(%n@geﬁ&tﬁf 16 3L1cERE R @E @
tenperature of about XC to about YC, Wherein said IS greater than said
X, and sai d ¥raupdossistthgofd7é, K3, é@@,elﬂ)Okaﬂ;(ﬂﬂ(DLe’BQerp 250, 260, 270, 280,
290, 300, 310, 320, 330, 340, 350, 360, 370, 380, 390, 400, 410, 420, 430, 440,
450, 460, 470, 480, 490, 500, 510, 520, 530 and 540, said electronically insulating

proton conductor containing no acid to maintain conductivity.

52. A fuel cell comprising electrodes and means, responsive to
exposure of at least a chemical entity, for converting chemical energy of a
reaction into electrical energy at a temperature of about X°C to about Y°C,
wherein said Y is greater than said X, and said X and said Y are selected from the
group consisting of 220, 230, 240, 250, 260, 270, 280, 290, 300, 310, 320, 330,
340, 350, 360, 370, 380, 390, 400, 410, 420, 430, 440, 450, 460, 470, 480, 490,
500, 510, 520, 530 and 540.

53. A fuel cell comprising electrodes and means, responsive to
exposure of at least a chemical entity, for converting chemical energy of a
reaction into electrical energy at a temperature of about X°C to about Y°C,
wherein said Y is greater than said X, and said X and said Y are selected from the

group consisting of 175, 180, 190, 200, 210, 220, 230, 240, 250, 260, 270, 280,
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consi sting of 220, 230, 240, 250, 260, 270, 280, 290, 300, 310, 320, 330,
340, 350, 360, 370, 380, 390, 400, 410, 420, 430, 440, 450, 460, 470, 480,
490, 500,w0B20122620, 530 and 540. 55. A system for generarpCngselmesricity,
conprising a fuel reforner and a nenbrane el ectrode assenbly conprising an
el ectronically insulating proton conductor, said nenbrane el ectrode
assenbly being capabl e of converting chenical energy of a reaction into

el ectrical energy at a tenperature of about XC to about YC, wherein said Y

is greater t i sai d_X an i re el ected om.t he gr.oup
consi sting 028§f§6 g§§32§3%0 gﬁg35923% %gg§8§§gm ﬁ%g44§5%ﬁ)4é%62h270 280,
290, 300,"31050336), 478050340, 530810300, 53/ hd Msaid Ay dACall A uiacin§20. 430,
440, 450, 460, 470, 480, 490, 510, "520, and 540, sai

el ectroni cal n)yotomsandacuongorpamtrrgnmurﬂt@anmntaummduﬁmgl no aci d to maintain
conductivity. 56. A nethod for converting chem cal energy of a reaction
into electrical energy, conprising exposing an electronically insulating
proton conductor 550 a AR A geidrhfig él&ctﬁcﬁyﬁﬁ@ﬁbﬁhﬁg% Ré] refoRtér X6 tO

about YC, wherein said Y is greater than said X, and said X and said Y are
sel ect ed fromfutieckrsaisbiugbent] @mg@p@ble 2P oonvesing chamicap 8asrgy 60a reagiton 280,

440, 450, o0 FF0ricfERereo)  telB e Bt RS Gl e g e MBS 11 226
PCT/ US01/ 2003gredidr thén bxt DO dnd e4id COmaeyatd Yigrecsre@msﬂaﬂrorﬁmm gyupf a reaction
into electrical ener §2 conpr|5|naiexpos ngoan el ectronlcalégélnsulatlng

pr ot on cond GeRHing O 420,73 &40, 28 27, 2804 290p 0% 34 Pe329% 3 49: xC to
about YC, i L Br14nh said Y are
el ect od frominsd SHasY sk, A6 ETa0D RN 558 475 59539055, 30,
240, 250, 26010220, 5384nd 54090, 300, 310, 320, 330, 340, 350, 360, 370, 380,
390, 400, 410, 420, 430, 440, 450, 460, 470, 480, 490, 500, 510, 520, 530
and 540; wherein said electronically insulating proton conductor contains
no acid to maintaish, condugtdny fdribendBringldl6ctABIR) caMBrising Gihaderangamal y of

claim5, 6 or 7, wherein'the
a membrane electrode assembly comprising an electronically insulating proton

conductor, said membrane electrode assembly being capable of converting
chemical energy of a reaction into electrical energy at a temperature of about X°C
to about Y°C, wherein said Y is greater than said X, and said X and said Y are
selected from the group consisting of 175, 180, 190, 200, 210, 220, 230, 240, 250,
260, 270, 280, 290, 300, 310, 320, 330, 340, 350, 360, 370, 380, 390, 400, 410,
420, 430, 440, 450, 460, 470, 480, 490, 500, 510, 520, 530 and 540, said
electronically insulating proton conductor containing no acid to maintain

conductivity.

56. A method for converting chemical energy of a reaction into
electrical energy, comprising exposing an electronically insulating proton
conductor to a chemical entity at a temperature of about X°C to about Y°C,
wherein said Y is greater than said X, and said X and said Y are selected from the

’ group consisting of 220, 230, 240, 250, 260, 270, 280, 290, 300, 310, 320, 330,
340, 350, 360, 370, 380, 390, 400, 410, 420, 430, 440, 450, 460, 470, 480, 490,
500, 510, 520, 530 and 540.
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menbrane el ectrode assenbly has an area specific resistance in a range of
about 0.01 to about 100 ohmcnR2. 59. The fuel cell of claim9 or 14,
wher ei n avoenbname el ectrode assenbly has an area speci f PET/USGI®DRNCE i N a
range of about 0.01 to about 100 ohmcnR. 60. The fuel cell of claim9,
wherein a nmenbrane el ectrode assenbly has an area specific resistance of a
mat eri al having a thickness of about 175 nicrons and a proton conductivity
within the gap of Figure 1. 61. The fuel cell of claim 14, wherein a

menbr ane el ectrode_assenbl has an area specific resistance of a materi al
havi ng a thi ckness’of éb’é‘ﬁ%{loﬂ‘f@fCOﬁY%‘?lﬁ&%heéWﬂalasnﬁ’F%thfrﬁ‘ré%ﬁﬁ]émélﬂthi ty within

th f Fi . of cl.ai i
€ gap o EQ%%gfeéle%@ c%@ﬁg%?%ﬁ%@s%& 5?1 ggéec%%%gllm&ﬁhﬂg bfdtorSyngas

generator is capa
conductor to a chemical entity at a temperature of about X°C to about Y°C,

wherein said Y is greater than said X, and said X and said Y are selected from the
group consisting of 175, 180, 190, 200, 210, 220, 230, 240, 250, 260, 270, 280,
290, 300, 310, 320, 330, 340, 350, 360, 370, 380, 390, 400, 410, 420, 430, 440,
450, 460, 470, 480, 490, 500, 510, 520, 530 and 540; wherein said electronically

insulating proton conductor contains no acid to maintain conductivity.

58. The membrane electrode assembly of claim 5, 6 or 7, wherein the
membrane electrode assembly has an area specific resistance in a range of about

0.01 to about 100 ohm.cm?.

59. The fuel cell of claim 9 or 14, wherein a membrane electrode
assembly has an area specific resistance in a range of about 0.01 to about 100

ohm.cm?.

60.  The fuel cell of claim 9, wherein a membrane electrode assembly
has an area specific resistance of a material having a thickness of about 175

microns and a proton conductivity within the gap of Figure 1.
61. The fuel cell of claim 14, wherein a membrane electrode assembly
has an area specific resistance of a material having a thickness of about 175

microns and a proton conductivity within the gap of Figure 2.

62.  The system of claim 20, wherein the syngas generator is capable of

generating hydrogen.
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