1 PROTON EXCHANGE MEMBRANE FOR FUEL CELL APPLI CATI ONS CROSS- REFERENCE
TO RELATED APPLI CATI ONS [1] This application clains benefit of
priority of US provisional application No. 561/050, 368, filed May 05,
2008, the contents of it being hereby incorporated by reference in
its entirety for all purposes. FIELD OF THE | NVENTI ON [2] The
present invention relates generally to ¥Fuel cell technology, in
particul ar t PROFONEKCGHANGE MEMBRANE RORIEURE X BN P FIATCATICINS
cells operating at el evated tenperatures. BACKGROUND OF THE | NVENTI ON
[3] Polymer electrolyte fuel cells (PEMFCs), which enpl oy proton
exchange nenbranes CIaYSS-REFERENOE F61 + 5 our ces of
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bet ween itsentgktydor dbtipspoden. general , fuel cells generate electricity
froma sinple el ectrochem cal reaction in which an oxidi zer,

typically oxygen fromair, and a fuel, typically 20 hydrogen, conbine

to forma product, which is \WEED OPTHIENVENTGRN fuel cell. Oxygen
(air) conti guously passes over the cathode and hydrogen passes over
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material. At the anode, hydrogen and its el ectrons are separated so
that the hydrogen ions (protons) pass through the electrolyte while

t he el ectrons pass througﬁAé&éﬁoﬁﬁﬁmﬂggwéifﬂmci rcuit as a

Direct Current (DC) that can power us e hydrogen ions
conbi ne {{i0Bh t Relymey gelactailytehduet at¢lzd PBMIFCay, e whishorehiph®d prbfoh edhange

el ectronsg to for r. Thus,, i rinciple, a fuel cell operates
like a b%te{“gfaiz‘?s CRERLsS 8reb8‘%’¥5@ﬁ§?gh G epromusing, spurces P?&E@Q‘P%Lteﬂ%- An
downldr sdgiage of aCPBMPCNG. its highichérgpreoiitor efididncg iahy sanplidgah RSgn,
| ong as fuﬁlginand ﬁ&?’ xi di.zer are supplied. 30[005] D fferent

conbi nat TESHENS 1 relidhihity,aqd GRRVERIEACSr e possi bl e. For exanpl e, a .
hydr Ogen[o‘owfl AEePEMIFEL SorRE! §10£ Brodén-EotRlctiRdp N SCReRBraaX| SRR tas WiELE®,
an al cohol tuel cell can use for exanple alcohols as fuel.

[ 006] Exi ¥PAWirhptheesen o slectredes esenerel, fud) aelisesperste gestasity from a simple
appl i cat 1ef% chithicHliehctRRGh ¥hfeh o4 oxidizer, typically oxygen from air, and a fuel, typically

20  hydrogen, combine to form a product, which is water for the typical fuel cell. Oxygen (air)
continuously passes over the cathode and hydrogen passes over the anode to generate
electricity, by-product heat and water. The electrolyte that separates the anode and cathode is
an ion-conducting material. At the anode, hydrogen and its electrons are separated so that the
hydrogen ions (protons) pass through the electrolyte while the electrons pass through an

25 ext_emal electrical circuit as a Direct Current (DC) that can power useful devices. The
hydrogen ions combine with the oxygen at the cathode and are recombined with the electrons
to form water. Thus, in principle, a fuel cell operates like a battery. Unlike a battery however,
a fuel cell does not run down or require recharging. It will produce electricity and heat as long
as fuel and an oxidizer are supplied.

30 [005] Different combinations of fuel and oxidant are possible. For example, a hydrogen
fuel cell uses hydrogen as fuel and oxygen as oxidant while an alcohol fuel cell can use for
example alcohols as fuel.

[006]  Existing PEMFCs are attractive for a variety of power applications but must operate



near anbi ent tenperature because at el evated tenperatures above 80C,
dehydration of Nafion(r) occurs, resulting in deactivation of the
material. Mreover, the | ow operating tenperature nmakes the nobl e

nmet al - based anode catal yst susceptible to poisoning by contam nants

in the fuel stream Thus, operation of the fuel cell at higher
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deconposition of t
temperature. The hydration of the membrane is crucial for the PEMFC performance since

30  proton conductivity of the sulfonic polymer PEMs decreases drastically under dehydration.
(010]  Several approaches have been proposed to develop high-temperature membranes for
fuel cell application. One of the approaches is to imbibitions the PFSA membranes with

hygroscopic inorganic particles such as silica, TiO; or zeolite that could retain water at



[ 11] Anot her approach for high tenperature (150-200C) nenbranes is to
repl ace water with other proton conductor such as phosphoric acid
fixed in polynmeric matrix, for exanple, a pol ybenzi m dazole

(PBI')/ phosphoric acid system However, phosphoric acid is potentially
soluble with the production of water in_the fuel cell working
condition and stability of hybrid 10 PB?/phosphori c acid is also a
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Uma, T., et al. (2006, Materials Research Bulletin, vol.41, pp.§17) prepared sol-gel derived



whi ch can be used for fuel cell applications. SUMVARY OF THE

| NVENTI ON [17] In a first aspect, the present invention is
directed to an inorganic proton conducting 25 el ectrol yte consisting
of a nesoporous crystalline nmetal oxide matrix and a heteropol yacid
bound within the nesoporous crystalline netal oxide matrix. The
mesoporous crystalline netal oxide matrfx can be a Mesopor ous
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composite membrane would be limited to temperature lower than 200°C due to the thermal
stability of PSS polyelectrolytes. One of the major problems for the hybrid membranes
containing HPA as described so far is the leaking out of dopant from the matrix. Since HPW
is water soluble material, it would be easily removed from the hybrid membrane in the
presence of water.

20 [016]  Ttis therefore an object of the present invention to provide an alternative electrolyte

which can be used for fuel cell applications.

SUMMARY OF THE INVENTION

[017]  In a first aspect, the present invention is directed to an inorganic proton conducting
25  electrolyte consisting of a mesoporous crystalline metal oxide matrix and a heteropolyacid

bound within the mesoporous crystalline metal oxide matrix. The mesoporous crystalline

metal oxide matrix can be a mesoporous crystalline silica matrix or a mesoporous crystalline

silica-aluminate matrix or a mesoporous crystailine zeolite matrix.

[018] In a further aspect, the present invention is directed to a fuel cell comprising an
30  inorganic proton conducting electrolyte described herein.

[019] " In still another aspect, the present invention is direéted to a method of manufacturing

an inorganic proton conducting electrolyte described herein, wherein the method comprises:

- providing a sol comprising a heteropolyacid, at least one organometallic precursor and a



15 when considered in conjunction with the non-limting exanpl es and
t he acconpanying drawings, in which: [23] Figure 1 displays high
resolution TEM i mages of the nmesoporous HPWsilica inorganic

el ectrolyte conposite with various HPWcontents froml Om%to 35w %
(Figurel a: I1OM% Figure | b: 15wm9% Figure lc 25m % Figure Id
35wt %9 . Scale bar = 20 nm 20 [024] Fi gﬁlre 2 shows smal | -angl e XRD

( SAXRD) pat twfaomnfyf t he nmesoporous HPWsilica conposite with various
HPW cont ents,. nanel tlb%ﬁ(y 20wt % 25wt % and 35wt % [ 25] Figure 3

i || ustrat'es¥ e 8?%03 4B %0t i on cal cul ated from the adsor ption
data using tdiéiniBgthemeahre, The inset in Figure 3 shows N2

adsor ption-desorption isotherns of nesoporous HPW Si 02 conposites

(amount dP2Hp dBSEH BRetheR aspedt. thapreseat imventionjs disestaddo 2 5pting)of manpifagfuring
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menbrignesgoaid diithinefeNinedopbRAE afyst-Bfe( datrixd Wherem thk0Borpghée prdteh cof@iting
250, 300 6 and 350C). For the tenperature at 25 - 1050, the nenbrane

i s huni dictscEelyisys ebfoineiby gaaethgdglesqried hemsiger at ure of 125 - 350C, the
menbrane i s nmeasured under hum dification with gas at 100C. The RH
for the nenbrane, neasured at tenperatures of 125 - 350C t hus
decreases with the incrBREEF DESGRIPIIGNOE THPRARAWINGS o HPW and 85
wt % Si 02; A2 9 % Si 02: A3: 25 wt % HPW.and 75
w06 5 0218 Tf dnltn T e e B0 BB st foiné el gBmmtcn
mesop6r owdiehiRVASHORd | inocadquictior|vedt Ke ydmelimitingFegiipesband Me adtonPartyiey
SEM mi cr ra}ﬁ%hlg{%ﬁg surface of the self-assenbl ed HPW neso-silica

el ectrol and (b) the correspondi ng EDAX mappi ng of W
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electrolyte self- 10 assenbled HPWsilica nesoporous electrolyte
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[ 30] Figure 8 if_l ustrates the proposed transportation pat hways
of aZ8el {0743 sekigura 2 abapremsli-ongle ( ) patternsenfitireamesopetous HE Wysilica
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[025]  Figure 3 illustrates the pore size distribution calculated from the adsorption data

using the BJH model. The inset in Figure 3 shows N, adsorption-desorption isotherms of

mesoporous HPW/SiO, composites (amount of N, adsorbed/ml*g’ vs. relative pressure
25  P/Py)).

[026]  Figure 4 shows the results of experiments in which the ionic exchange capacity

(IEC in meq/g) of mesoporous HPW/SIO, inorganic electrolyte membranes with various

HPW content has been tested in comparison with a HPW/SiO; composite obtained by direct

mixing and sintering of 25 wt% HPW and 75 wt% Si0,. (A) 15wt% HPW, (B) 20wt% HPW,
30 (C) 25wt% HPW and (D) 35wt% HPW. A traditional sol-gel derived HPW/silica

(25wt%/75%wt%) is shown in (E).

[027]  Figure 5 shows proton conductivity plots of mesoporous crystalline HPW/silica

nanocomposite membranes at different temperatures (25, 50, 75, 100, 125, 150, 200, 250, 300



[31] Figure 9 shows the FT-1R spectra of a HPA/silica electrolyte
heat-treated at various tenperatures (450, 550, 650 and 750C). [32]
Figure 10 shows a SAXS spectrum TEM m crograph and the diffraction
patterns of an HPA/silica electrolyte heated-treated at various
tenperatures (450, 550 and 650C). TEM 20 m crograph i mages which are
shown on the right side of the graph inéFigure 10 denonstrate the
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wth different crystalline structures as shown in Figure 11
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structurf Easgpeen exam ned at different tenperatures. [O |g{ure
16 shows ‘?S?r? r d4gHIes? ghovsy, Aghpius ipipih of the mRioaropAectivEr Bldhe olestyolpe self-

MESOPET OWsSekdBMAS | P Wakifdal ChERb¥ios WefebrAeie O Htheriithid ng_fl) S niked HﬁWéﬁca
w%silica electrolyte was measured at different tenperatures. For

t he condinesoRAreys eleeiElyte dnembrage (80 and putd oEsopokasr silicat ngmblanei(d)tynder
was 100%, g ioh he conductivity nmeasured at 130C, the humdity
was cont r%t?ﬂ:aeeg g{“ﬂ%%% at 80C;, this corresponds to a RH of 18% at
130C. 5 [®9)] Fignred illustsiwswhe prloposed prittrstrarfspamtation pathivapnsf 4 selfRidibled

the cond i, V] f ) rous Wsi)ica .lectral i th wei ght )
rati o of ﬁ%@/ﬂeﬁ%ﬁﬁw %eﬁfo&tgi?lflg ragf e@ r By e TEE %@Mﬁé sijea “composite
di f f & entlettesipie madmbraxse (bj:or t he conductivity neasured at 40, 80 and

100C, the relatjve hum dit 100% while for the conductivity
measur edf}%”lﬁw Lgurg eShﬂ'UFnﬂval %ﬁ%\é@ac% At # EiPAdalick clectrobebeatreated #; vgrious

correspoaﬁg;efa@lrasﬁﬁo,()jso,lg%@{dm&g 10 [040] Figure 18 shows a
C

schemat i i agram of the manufacturing process of a netal -supported
HPW si | i E32hesEissre 48 showtt SOXPrspetiasn d BMEmieaaiapk and the difGaston pytteras of
one enbogy pRYsilid kot Hb hEatd R RE f

curves of a cesllll_ based }gn gat%%ﬁgwﬂ%ﬁ%[&%ﬁl g&%%p?sﬁ(g?%gﬁpgg Erire r ‘n%l,EM
measHt edmaarogrppli amages wihghpae aliawreen the rghbvkide bfi theqgdraphSinfRigire 10wdesienstrate

Pt Ru/ C apd Sﬁg%mgﬁ?gﬁéﬁhg%%Eiﬂg%&eurcﬁés@ncge Jeasur ed at 25C and

80C, the re rve B8 he per f or mance
measur ed{0aB] 13Bigure 1¢ shows HPW/measpocantsilih|chdiralytet GAM @istA0ks sthlthdes of

corresponds_to of % at 130C. [42] Figure 20 shows the
per f or rra%c‘%maﬁlbﬁg’%ﬂﬂ i s ngl e cells assenbled by 25 w %

HPW Si 02[03a0C Bigues i I2esholve C3ARE Yshect T BEBNG .addorPticHids o6l iddtiRfks 88 the

the %ﬂlOdﬁPmﬂica with different crystalline structures as shown in Figure 11.
[035]  Figure 13 displays different mesostructural crystalline morphologies of HPW/silica
electrolytes with different mesostructures, namely p6mm, im3m, fm3m, ia3d and lamellar.
[036]  Figure 14 displays nanochannels in different mesoporous crystalline structures of a
HPW/silica mesoporous electrolyte.

30 [037] Figure 15 shows the results of an experiment in which the conductivity of

HPW/silica (25 wt%/75 wt%) inorganic electrolytes with different mesoporous structures has
been examined at different temperatures.

[038] Figure 16 shows the results of an experiment in which the conductivity of



20 cat hode. Oxygen was used as oxidant. Stability was neasured under
a constant current of 300 mA/cn2. At 80C, the cell performance for
direct alcohols is very low, particularly for direct ethanol. As the
tenperature is raised to 300C, the maxi num power density increases to
about 112 mWcnR for direct ethanol and 128.5 mWcnR for direct
methanol that is 6.6 and 3 times higher7than that at 80C. The cell

per f or mannesopsrost AP W/diliva dieteditealvithhatightiestio OFi 9uies 20PW/E5 vang siRa
sharp dro VO ta as conmonly observed far the direct

in the cell
al cohol eﬁfﬁfm%‘? as mreagyg great tgmaeratuygs; Ko thg cenductvify, measured at 40, 80

el i m nat iz 8 100°CPe@ blgtbémﬂei Qak N0 ISR foPhe ChSREGRNAE
the Pt bl ack cat al yrStSlBégﬁLgs igure 21 ShO\?\lS fhe Blgbf %ﬁ@:ﬁ% Wf’%%le

singl e cdmmidiSsuaggonto oot BPY this correspapds tremBHax 8%i at 30°C.
el ect r50I ﬁb?] r@g%‘lae_}a sh%v\gg(h%”% IH{S 9# %ﬁkﬁ’,ﬁ%ﬂﬁgﬁ %Fg%ﬁcharﬁge cgrécﬁa{j ivity of

30 neasu cell per or mance anode
cat hode amtspmreuls I R¥ssiliva nelpaiwdyte dettis iveighof ratiboeft 23 62t%NVUBWR7 Satwt®0Glica

[ 44] Fi gy shovvs t n structure f he het er.opol yaci d

bhosphot dsSBRi A8 et IRl o bperi o orabe Rtk Ry st a0, 80

types of ardteo come@aygmmlamswag e0BhaWMile fo&h%onda@nﬂﬂ,dn@éuﬂea al {®’C, the

Keggin unit. O is the_ central f%@é en. atom t[3‘45 Fi gure 23 shows the
a

schemat i QUBHYIl %R @ptrplied at 100% i this cogreneats tiaRt ﬁéé%érﬁeh@rﬁ of
HPW spl i geuore mFl 185 sRGw Q%Ehd?&aﬁgﬁhéﬁé\rﬂ NrQHe n’rhﬂgﬁEtalﬁ?%ﬁﬁ@eésegf a fmetal—

hum dity. ure 24 illustrates the propose tron o

mesopor o§8p Q{ W/ $lﬁ@‘ﬁr deasproreuse elsetrolpiey based u@i‘lMg fugl \calisiaeeadivg stoedne
|npregnatehl<ggdlﬁglpod (VM. [47] Figure 25 shows the performance of a
PEM single ce assenbl ed by 75 wt % HPWSi 02 nanoconposite el ectrol yte
menbr ane [041]5 rl“gglmeﬂl%hebrls polariagtianhed pedfomane caatholtiecelneasdioe d 28twi%

50C. The rmance. wi th, Pt bl ack and cat hode achi eved a
nmaxi num povver égnséﬁ’t inogganiq membrane, Hegs ﬁ‘g gﬂ‘afg:%? teppReTaFUTeR i1y IQE)W‘%?"G‘QI
10 naﬁocmosmdde eimmemﬁayiteomaﬂcam th\?/’ﬁerﬂfrﬁ@ﬂcfeﬁﬁedwrea at 25°C and so“c the
vacuumas |st . re nation (VI 48] Figure 26 sh

opti cal %f"cﬁ’ g ?@d)"})z‘?)}&f o Mﬁ%’%‘@? Pﬁeﬁ%lr‘iéﬁg%é?ﬁ)& %eéwmidlty was
menbr ane cprtapiad a6l 1uys K0 O BB Torapdndstd a RHVEA 2p8SIlEd of a 25w %
HPW 75wt % si |l i ca el ectrol yte nenbrane and Pt anode and cat hode. 15

[049] Fi (% 2FigHsRY showt Hsmergrmeanse ardbitahiliyrad singlpycellsEspmbled by §6 apth

f Cl S1tC .
W b b PSPt PR e, A M r, P bBRRR A Brodgpnd
OF THE | rAENEL OXY2D: Y896Td ps exidant. sita‘tehlhoms mesasyred hmlepaeGMt cmvenh bf 300
s direchedoh® Ad EOhIRMN FerbdiBhAD GORIHE LD EICRL Rl ben & gﬁ@%ﬁ ket

of a mesoporous crysta 7] x and
bound wi bﬂlmlth@ﬂl&ﬂ&nmatoms mg&dtthd}O "Getherataalmman pd@eﬂﬂﬁmtyxlncrleikeﬁfﬁbout

enbodi ne 0 I et oxi de i X c
mesopor Otl?Jg2 §’[ng? E‘%{ﬁ?:’é’gix‘f‘fgﬂ‘grim g ?Péggﬁgr"&‘ﬂ ané’[ that is iq fﬁ’éi Ftimes
silica- ahiglmntahle el 8o€cowheca3§@ﬁ@xﬁam i§ 6tdblle bt difRt alcohol fuels (Figure 20b)

25  and no sharp drop in the cell voltage as commonly observed for the direct alcohol fuel cells at
low temperatures. This indicates the elimination or negligible poisoning effect of the alcohol
reaction on the Pt black catalysts.

[043]  Figure 21 shows the performance of a PEM single cell assembled by 25 wt% HPW-
SiO, nanocomposite electrolyte membrane, 0.4 mg/cm® Pt black as the anode and cathode,

30 measured at 80°C. The cell performance with Pt black anode and cathode achieved a
maximum power density of about 162 mW/cm? at 80°C.

[044]  Figure 22 shows the Keggin structure for the heteropolyacid phosphotungstic acid
(H3PW1,049, abbreviated as HPW or PWA). Three types of exterior oxygen atoms are shown:



25zeolite matrix. [051]A matrix as used herein is "crystalline".
Crystalline nmeans that the constituent atons, nolecules, or ions of
the material are arranged in an orderly repeating pattern, i.e. in a
crystal lattice, extending in all three spatial dinensions. According
to the common know edge, a crystalline structure does not include an
anor phous structure which is 30 characté&rized by the absence of a

crystal I@{,todib]dﬁnthsyagggﬂﬂgﬁdogﬁtﬁeggnﬁgrdi%gpatgﬁnner An anor phous
structure is isotropic because it _does not conprise a ph}/Sl cally

di stinct @fknt Eigresh. 23Arfb?‘ﬁhdb§ @b?f%tt%rdéagfaew eoff dte estuppios thbt ednductivity
by cl ass'lﬁ@dsul%ﬁleng@t{ Hmmsm Ssﬂ'%femh ﬂBQIe@ﬁ{l&Hgé urliEf &%ﬂﬁllMu%ndzty.

do not use supranol ecul es, act
bi omacr orig#elc ul Bigures24 éh@traﬁeﬁlefmopqstréfmnmmmﬁ aimesopbronk EIPVEASHD, inorganic

matrix as, Jﬁbﬂg %sﬁjlg %%rac&%g a']scslilsrtx?%{l ngre%e‘}g?o\élvorﬂgtﬁ'%cf gVIM}e TESOpor ous

crystalli ne S ‘non--amnor pho a regular or
order ed JOATIct UFigurd 2%shosvsahey prfdrame of & PEM bﬁhgle cell astkmbieg %9 75 wt% HPW-
crystallléja matri X structures are mMesoparous in other

5

conpri se DARACEWPPE]ie; FiPirolde ApempEass éd&g/ﬁ%sp té’éﬂ’?klaﬁdh%m?dﬁ\ﬁﬂd cathode,
di mensi onakastred t41r ﬁécdmﬁenﬁlioiaalforﬁﬁﬁ&swﬁcwbﬁék aﬁémt?scafhgﬂ? %Uﬁ;%ved a

nmesostructures include, but are not limted to twp di nensi ona
and t hr ed"#iRERsPONST deaBfy ofysiont BfastVigmdups S0Gaihe & ffe 2IE:PW Si0,

spacepgr %éco&ﬁl:%z‘t@ Rlec Hlédea'}ﬁerﬁﬂ?ﬁnel WA th?%agﬂ‘éﬁ gﬂ hexaganal ?Sst?e%agrg%x% riBn

p6mm Exanpl es 'f or ace group in are no
P63/ mt, Wﬁ(\m\@n Fd3m Fn8m I nBm or 10 la3d: or mixtures of 2D

209 30, SR §0 Bl o TAPAHAY L 8 LAFLAHEY) ks BT e

por es andn@iﬂaamaepmpared by Hohpresgtand Xb)cO MBA sammnapma&wm?wnsm% silica
n the neso According to I UPAC definition

nanochann ous ., r
"meso" &f@?’gfyfednﬁﬁ’hféﬂ% é ‘El?/\%r&rfa%%t 2 nmto about 50 nm
Exemmlbsar yo49;! USF]%ﬁtel TMéhoWk aGkxakiad élbdﬁ%nla%mhédfg?%m hhcﬁﬁﬁsﬁe f%ﬁs RII

structure are illustrated, e.g., 1n Figures 1

"i nor gani®esh pysgd Jfar é’é?]é%h{tcﬁﬂ‘gl SF éE%t?‘lcﬁuyﬁ‘éteﬂt HPW/ﬁJe@mpanq@ampmte electrolyte
el ectrol W&nanesuch does not include any organic or polyneric
materials. Wth "polyneric" it is nmeant a nolecule that consists of
sufficient nunber of repeating structural units which are bound

t oget her via coval e”t})ﬁ:"i‘%rihi‘ii DE@E‘Q&PT%&Q}F ’i‘iﬁ,aﬁ'WEN‘l‘ioNs referred

to any nmenber of a larg
20 {050] In a first embodlment the present invention is directed to an inorganic proton

conducting electrolyte consisting of a mesoporous crystalline metal oxide matrix and a
heteropolyacid bound within the mesoporous crystalline metal oxide matrix. In one
embodiment, the mesoporous crystalline metal oxide matrix can be a mesoporous crystalline
silica matrix or a mesoporous crystalline silica-aluminate matrix or a mesoporous crystalline
25  zeolite matrix.
[051] A matrix as used herein is “crystalline”. Crystalline means that the constituent
atoms, molecules, or ions of the material are arranged in an orderly repeating pattern, i.e. in a
crystal lattice, extending in all three spatial dimensions. According to the common
knowledge, a crystalline structure does not include an amorphous structure which is
30  characterized by the absence of a crystal lattice but is arranged in a disordered manner. An
amorphous structure is isotropic because it does not comprise a physically distinet orientation.
Amorphous structures are for example obtained by classical sol-gel methods or sol-gel-

hydrothermal methods which do not use supramolecules, such as surfactants or



20 cl ass of chem cal conpounds whose nol ecul es contain carbon. [55]
In this inorganic electrolyte the heteropolyacid is anchored inside
the pores and channel s of the nesoporous crystalline netal oxide
matri x. The heteropol yaci d contai ns negative charges which are
neutralized in the acid formby three protons in the formof acidic
hydroxyl groups at the exterior of the ﬂesoporous structure. As a
resul t, tthemieomolbpdeyactieohpRiesfasthaatanofibipreaofithe metd Adtity aswvillybe described
pr ot on, t. al.so exhibits negative charges in the presence of water.
Thus. "t o dEp61 i R aPRAROrPY eRaa B SR I ERTPNG 0 CPRESE of a
mat ri x virsgutdres ordesdddthuetuad, i eacéryualliho§hRawe. [ 56] Thus, it has been
shown for the first tine that a nesoporous crystalline netal oxide

matrix wifH bithese snilimedpairiy et e are eserpdr @sinceherbonds egmasse a
el ect ol Xﬁc%ost@éﬁﬂe.aguél? n%s?ﬁ%%%t €arl Sndh@fel h ldﬁﬁé&ég)%glv%pttﬁggsdi;n%hsé%nal

the application in fuel cells operating at high tenperatures becau

of the t hegspifuctireshi Eiamplest farheick| mesoswhoperes ifdhades thuticreimet dfmitddeto two

i nor gani G: r e, .S | e at eratyres up to 650C as_.c be
soen 1 r oQEsEne B\ et Hnlo-flnal CB GNP Pl REEPBD 6 hrine
"funct i ogadupsiiticlade, benae o ditmited @o al IRRbgoably tspace ouplFbnORAEERIp1aE for a 3D
tenperatures up to 680% 571 .The ingrganic_electrolyte is an

i on- cond SRR WG| ”W’#ed’r? lipited P ¥mmeePrdm, Pl F43ms Fardam; Jandm; or
carriier) 143496t fnbeurRpetED had shenGahkede of a fuel cell. In case the
fuel is hydrogen, the ion is a hydrogen ion, which is sinply a single
proton. AESdr diWihy mesprareyso| sprgiireoft i ygant ¢het the erpigllioe| mefalaoxide meatrix
are call : N etolaTa HTAN I : :

ot ones L e P R T A ORAL R i e, 16 Bt i LA BA: nanoppres and
pore si zaashewels whihgt mesoporose range. Acodiag gnbbFiAGE definititre “mese sifere to

is betwe 2 n 2 to nm,. or to 4.
rim or ?H?%R%H%r%% n%)%n?) Ogmg ﬁéﬁ ?00%19%1}% 3 ﬁﬂ’r %r%e%?lag figls%'%% q%b%vép?e
t he s opmtngs withyaghedobomes statcalre aciiliestrawt rd.x, ialBgrésnal uslesd 14
nanochan . "“Nang' neang that at .| east one di nmension of the

channel sﬂgsﬁi n v{}ﬁé HIQRSRIS diroten fgaductipg elgetrplytesit iy msag ﬁ%@hgﬁecﬁ%"“gf’lﬁ%és
nanochaneghsddes roh éncRE0HHT i€ bY PbBletit endi®iall, With BBo1PRESEXit 9 ndeh@ a
electrolyte ip the nanoneter _range are within the neso-range, i.e.
havi ng a}/’i?i‘i??"ﬁaﬁhaﬂf’?fﬁ‘ﬁéﬁ Bh sficisat Nuaber Hidgeeating stragiural gpity phisheare bound

enbodi e igetheNPiadbovhie@Sthe@Na] HoBNS/i@N: Rg i
rflﬁeﬁe ladovhBRAStheRNA] Hb B NWi@ oﬁz]mfc & i PaSEIERY ﬁnﬂ%g%ffléaége

nanochannels is conformto the size of e mesopores 15an
wi t hPh t Basyfshesicehenmenouads Wiesemaleculss gentainegdpn.The t hi ckness of the

wal | s f orgeshg : Lt te | en _about 4
R b R g T S T
or bet weernadtloudf thetmoc®poions coystalimumed] oRidedmathix. Ghe heteBopoByacitiO cdritains

or 15 n . The j.nQrgani c.nraton.conquct i el ectrol yt onprj ses
2 heter oBy et ES v AEY BR0isSrf it BLumE ARt it AP e imblof 1 i ST of e
usabl e abydratylgrsipsnaties extbsorfddrth€ hRBIpoRdus [s@BEIeOAS a 1B4i0) taShdt@bpdiitRid
cat &]ﬁ/ti{% oxitdafli O{;igﬁf 0 r%an.osul fur conpggndg, in fuel oil (Yan,

X. - M5 etasdfot onbyppieh cRRgHCiiing torpreton, R afsg  sxaibith negpgye abareesin fiwopsysence
The het epppateraThas 8aheRBofddaol BMdIADY (B nldbShok@ls! QMcRLe %tfrdi@trﬁhrtﬁ via

whi ch include, but are not limted to the Keggin structure (Xl qual or,
X= one ofledfostatic aftgactivgpfogiess; M= one of W M or V), the Silverton
structur @56}

Thus, it has been shown for the first time that a mesoporous crystalline metal oxide
matrix which binds a heteropolyacid in its mesopores can be used as electrolyte. Such an
30  electrolyte is particularly advantages for the application in fuel cells operating at high
temperatures because of the thermal stability of the electrolyte. The structure of the inorganic
electrolyte is stable at temperatures up to 650°C as can be seen from Figure 9 and is

functional at temperatures up to 600°C. With “functional” it is meant that the electrolyte can



25 (e.g., (NH4)2H6[ XMb12042], X = one of Ce4+, Th4+, Np4+, U44), the
Dawson structure (X2ML80621'-, X= one of Si, P, S, As or Ge; M= one
of W M or V), the Waugh structure (e.g., (NE14)6[ XMb9032], X = one
of Ni 4+ or Mi4+) or the Anderson structure Pal 4MXMD6024], X = one of
Te, Ni, C, M, &, Co, A, R, Fe, to nane only a few). It is also
possi bl e that mixtures of heterpolyacid8 with different structures

are bound,pWate}ut&brﬁﬁwﬂt&QS SOEUDPQUS crystalline matrix of the
el ectrol ite Fi gure 22 shovvs an illustrative 3D nodel of the Keggin

structur 1BQTERF Gleetrdyigis ahionzendicding matetial whish dranspots ihesion (i.e.

61] S
3o SRR 16 SN LIRSS L BB g

or Ge; aithk BnXs adydivgending Mdmllamswhplgla sirgleproter Adcardingiyo elebiolytes of Al
exanpke, n | PW 20 abb evi.ated as HPWor PWA)
has béen Cglig e 5‘(?Cttn%o% Otg %P ﬁoioﬁecoﬁ‘g‘{cé‘fa%ﬁ PYRl¥eY adopt s t he

Keggi n s®ast ursss. alfeﬁﬁﬁ}ﬂem:aﬁwt besordnp aOIURRT defifition alcesRR& ata pbiks bt a
t he general fornmu ?“ 10CszH3_, MX1204Q(11); wherein_ Mis the
central Q?‘@rﬁ‘%ﬁrﬁeﬁ?ﬁeq“sabé t % i S(ongy Iignegmbedinggnt, the porejsige i petieerehoat 2 i

whi ch i 52@|niﬂ16f2\!'0@Ginfﬁ/@f.?mnﬁngrzm'@mgl&?ﬂa% rﬁHtH?@'tH%Qﬁn kA% 4 nm or 3
het er opol yaci d adl_&ws f he Keggin structure. 63] The mesopor ous

cryst al | thelthewal cyer, ier WSWanGIYE@BmebW@ somd@ matmIXt @Imt ochudes
mssog@r OP%&ﬁéﬂﬁﬁegl 8}~ ShdahS thal B fehsf ofE dithABSS B?[h%uc%an% ) m klen nanometg\r

lica-alumnate matrix or a mesoporous crystalline zeo mat 1
rresopor ownger Vit atl least @ns idimersioal erﬂm ammchmmelsmndhé frxes:g:ofmm rnrymtallme metal

mesopor oys. talline silica gxide tr I X onI nsofar that a

bor 1 on- Fidf et2at hO BByl &% B Be Bk faferce hith e Hesr R e havine

repl ac edniaymﬁl uhinansmm oR ibdeveeSubbuts? Itb 8 nid0 I bhéeneRABbAnd¥at, I'th& a€ 3hstBne
ganopetal | i ¢ precursors in

obt ai ned .b I | east two _different

Che. ot hOEBH oG (R EETTT P R Ut RpERamPR e FROITR L0 1S Seihe mpesppores
Si 021 andagi@ué Rés ﬁﬁlﬁﬂ%erﬁ‘%&mcﬁéﬁ@é&l fArth@labbve. | S consists of two
different netal oxides ica oxide and al um ni um oxi de. A netal

oxi de mat®3Pk ndkedhiskness phthgyals famipg theamesosirugters ofher ¢lactealde febeween
oxi de NMaL¥duER%o SORR bxswgeén%om 19 k! G BEreed Bbdubls %o 8 b6 BiGedh about

coval ent bond exist$ between Si0
3toS5nm,orabout2,3,4,5,6,7,8, 9 10 nm or 15 nm.
[060] The inorganic proton conducting electrolyte comprises a heteropolyacid.
20 Heteropolyacids are known in the art to be usable as catalyst materials for chernical reactions,
such as for the catalytic oxidation of organosulfur compounds in fuel oil (Yan, X.-M., et al.,
2007, Materials Research Bulletin, vol.42, pp.1905). The heteropolyacids can be based on any
of the following structures, which include, but are not limited to the Keggin structure
(XM204", X= one of Si, P, As, Ge or S; M= one of W, Mo or V), the Silverton structure
25  (eg, (NHg):Hg[XMo1204], X = one of Ce*, Th*, Np**, U*), the Dawson structure
(XM 50g2™, X= one of Si, P, 8, As or Ge; M= one of W, Mo or V), the Waugh structure
(e.g, (NH4)[XMo0gO3,], X = one of Ni*" or Mn*) or the Anderson structure
{(NH4)s[XMo05024], X = one of Te, Ni, Cr, Mn, Ga, Co, Al, Rh, Fe, to name only a few), It is
also possible that mixtures of heterpolyacids with different structures are bound within the
30  mesoporous crystalline matrix of the electrolyte. Figure 22 shows an illustrative 3D model of

the Keggin structure of a heteropolyacid which has been used in one embodiment.

[061] Such a heteropolyacid can have the general formula (I):



25 forming chain or ring or network or three dimensional structures
like 0-Si-O-Si-OSi-0 In general, silica exists in crystalline silica
and anor phous silica (the latter one being excluded herein).
Crystalline silica exists in several different polynorphic forns
corresponding to different ways of conbing tetrahedral groups with

all corners shared. Three basic structudes - quartz, tridymte,
cristobatite - each exist in tw &f:MXk@€f nodi figpti ons. Sone
silicate 30 structures are chain structures but many inportant
silicate structures are based on an infinite three-dinensional stlica
f ramewor kyheféi®Ng these are the crystalline feldspars and crystalline
zeolites which also form enbodi nents of the present invention. The

f el dspar 14 e errahatony whish issjther I puiendssier Gsi #rsld wi th Al 3+ repl aci ng
SOme @f St 4s"tteChetBRsSRorh ANENY Kthel 7 ¥ W oMt %99%;(51}{9&3, AEII;}E’ Sl hdd
bal anced by large 1ons in interstitral positions

(NaAl Si 3UB)EWans, t flitrevigtah Als2BPRO8Y, PWe’*l)shanbédﬁaAkezSdﬁo&e amﬂodlhfent, the

like. | |t i aracter zed by an alum nosilicate
tet rahed?‘gier@ é’%e&\f\l&rdgpts %I g€abl el arge cations, and | oosely

hel d wat 86270l éﬁuh(ﬁhezrbﬁiﬁﬁﬂirﬁenﬂ,ghé ﬁatabgmpdoﬁi Basdpdycstenl fdi»ﬂulafh? gener al
formul a can be expressed as X72, Al x3+Si| _702-n1120. Since the oxygen
atoms in the framework are each shared by two tetrahedrons, the
(Si,Ad): 02nH20 ratio is @g(ggtl\kxl Wl 1he gmpunt of large cations (X)
present is conditioned by the Al: Sl ratio and the formal charge of
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three-dimensional silica framework. Among these are the crystalline feldspars and crystalline

zeolites which also form embodiments of the present invention. The feldspars are

characterized by a framework formed with AP’ replacing some of Si*' to make framework



30 (Fe304), manganese(ll,I111) oxide (M304), silver(l,I11) oxide
(Ag0), copper(l) oxide (Cu20), potassiumoxide (1(20), rubidium oxide
(Rb20), silver(l) oxide (Ag20), thallium oxide (T120), alum nium
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t he het eropol yaci d and 65% of the mesopor ous crystal || ne met al
matri x, BRoFEIpEHUAReY tatyes siropdiuperardsieysni d and 60% of t he

mesopor op7¢T Y At Aleldl MRide can include, but is not limited to silicon dioxide (Si0y), titanium
dioxide (Ti0,), antimony tetroxide (Sby04), cobalt(ILIII) oxide (Co3;0y), iron(ILIl) oxide

30  (Fe3O4), manganese(ILIII) oxide (Mn;0,), silver(LIIl) oxide (AgO), copper(l) oxide (Cu,0),
potassium oxide (K,0), rubidium oxide (Rb,0), silver(I) oxide (Ag,0), thallium oxide

(T120), aluminium monoxide (AlO), barium oxide (BaO), beryllium oxide (BeQ), calcium

oxide (CaQ), cobalt(Il) oxide (CoO), copper(Il} oxide (CuQ), iron(Il) oxide (FeO),



14 netal oxide matrix, or between about 5% of the heteropol yacid and
95% of the mesoporous crystalline netal oxide matrix, or in a
nmesoporous crystalline netal oxide matrix with a content of

het er opol yacid of nore than 5 w% [69] The manufacture of

mesoporous crystalline netal oxide matrjces, such as 5 nesoporous
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particles in nerized at w_te eraturetoforma
wet gel . "’7\; ‘? ?@é%& it rytéerﬂgmdgﬁgpfl? UPRk gty FReRtipiedy #hgve, in one
anneapbi ngmbbmm@anaf Rl refeiree 16 @lsil@RImaAWDGRS & nifal CRF rﬁ&tﬁx%adtam{m‘sﬁ(ﬁ' & is
and conde satlon re%%tlons which lead to the formation of the sol

[ 072] The@SPqoasiblefo ohtain mstalioxidsimatripes PrEEEng diffkrentmisfiressofametak exides.

to a.met lpgdm fes @ﬁ*‘éﬁﬁﬁ%&‘d{allﬁﬂ rﬁ‘ﬂnéé@.%&gé’ﬂ}ktﬁlhﬂé iR a RS fb s or crystalhne
el ectrol yte. The met hod conprises: providing a so corrprl sl ng

het er opolf§ldwrEor aystpline reobifremefrigesonet al | i ¢ precursor and a 15
surfact afhes) a@'h@%&r@ﬁné BllotJnOcogmcqi'nE efaecggl_l,rte r8ed to herein can comprise between

25 about 60 to 95% of the mesoporous crystalline metal oxide matrix and between about 5 to
40% of the heteropolyacid based on the total weight of the electrolyte. Some examples,
referred to herein comprise between about 25% of the heteropolyacid and 75% of the
mesoporous crystalline metal oxide matrix, or between about 15% of the heteropolyacid and
85% of the mesoporous crystalline metal oxide matrix, or between about 20% of the

30 heteropolyacid and 80% of the mesoporous crystalline metal oxide matrix, or between about
30% of the heteropolyacid and 70% of the mesoporous crystalline metal oxide matrix,
between about 35% of the heteropolyacid and 65% of the mesoporous crystalline metal oxide

matrix, or between about 40% of the heteropolyacid and 60% of the mesoporous crystalline



calcining the m xture. [073] The addition of a surfactant results in
the formation of a two and/or three 5 dinensional structure with a
wel | ordered nesostructure which serves as fixed binding places for

t he heteropolyacid imobilized in this two and/ or three-di nmensional
matri x. The nmesoporous structure thus formed in the nmesoporous
crystalline netal oxide matrix having t¥e het er opol yaci d bound

t herei n froetal exide matres opbettvoen tlsaan SYoott tht hoterapalyhvid yaad 8% off the inlebdpdbdus

proton tr Lon through the electrolyte. 10.[074]]n contrast,, a
o gel ol SAAG Bl bidk BHFHL. o Sp BmAPOTR oot e e raspR ot
(such as nsat fimtaodolydchbeflihare kandnpPpnhous structures with a random

por ous sthé(ﬁtur W th Eﬁgre sizes fromnrn to mcrons. Furthernore, in
anmor phoud 87l ucthfy deanufastys <ot imsepRAuD ferysallineo patiglacxils matncendensh as
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i nor gani ¢rtaBele Atk 8 obtaihet®] There are two sel f-assenbly steps
(route 1 and 2) occurring during the formation of an ordered
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structur group[];lﬁiﬁ]mﬁﬂlf]@:bdiﬁﬁ:ﬂiibnal Y] hﬁiag&[hll Tﬁh@h&ﬁc, B bukie IIPGB%]E iPth3sY Fd9m,
proton, but, al so, exhi bit negative. charges in the presence of water.

n the o?ﬁ’éf“ h‘i‘ﬁ’d’, °‘?’ﬁ@eéi1ﬂ%%h Ox PRULRORE sHis 2Ad3er viaikBiresi Af 2R and 3D
pr esence s@iicthteg o aghelbhly ade®. posi tively charged. Under normal pH
range, the proton adsorption on SiOH surface groups is very low. The

preséfice (W T hi dhethedsdthet canpr wisd de obtae sich| orderethienysielline Inyetilneovidramatrices
the prot gRnads 8uPhie® Aot GA%EL A é)fsol%egﬂ'leth&ﬂgf ) %ch%e%ﬁéir{)tﬂg I nrﬁfléatfl SKs
ve + exte

in zeta potential and form ng posit y charge rna
groups. Inflgeatedzaieady by iseameta sofedef-hyudroibaiva) muthiddinolodes a beltgob eretifodeIn

iti » Sil s i t i | h d HPW by,
Phe ol ecEinshltad S0, 8la dSREHRRS she BGeRl R £ AR WhBie paft s HiwRIaY ripgjons
agent, i susprdsthegmeticdessfhefencthamhetalnaamigor P12 Sgelt Bea ttdlewkdiebbat iafhid and

Mesopor oys. PWSi 02 with the. tenpl at .gf P123 surf%ctant is forned = .
t hr otigh gfi D eatqlvgrsﬁ dlpoaaé:]:} B{EIH i Which presents a solid network containing liquid

components. In general, the sol-gel method is based on the phase transformation of a sol
obtained from metallic alkoxides or organometallic precursors, The sol, which is a solution
containing particles in suspension, is polymerized at low temperature to form a wet gel. The
wet gel is going to be densified through a thermal annealing. In general, the sol-gel process
30  consists of hydrolysis and condensation reactions, which lead to the formation of the sol.
[072]  Therefore, in one embodiment, the present invention is directed to a method of
manufacturing an inorganic proton conducting electrolyte. The method comprises:

providing a sol comprising a heteropolyacid, at least one organometallic precursor and a



5 sel f-assenbly between the organic HPWsilica chain precursors and
inorganic triblock copolyner PI23 surfactant. Wth the phase
separation of P123, the colloidal conplex finally forns an ordered
HPW Si 02 framework. During solvent evaporation, the mesostructure
beconmes hi ghly ordered. [ 79] The tenplate can then be renoved
by heat treatnent, with the HPW nol ecullds 10 anchored into Si 02
crystal stracfamaets in the walls of the nmesoporous franmework. [80]
HPA/ met al nmesoporous el ectrolytes can, for exanple, be hot-pressed to
forma sol i?g"bé)%leﬁ R el gel rane after having been nmixed with a
hi gh-t enper aldiiigg tHeariapkast i ¢ pol yi m de powder or

pol yvi nyl pyrrol i done (PVP) or Polyvinylidene Fluoride (PVDF) as
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t hrough the pure nesgporous silica is drastically limted. 83] The
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PW molecules and positively charged silica species. The HPW Keggin unit contains
negative charges which are neutralized in the acid form by three protons in the form of acidic
hydroxyl groups at the exterior of the structure.

[077] As a result, HPW not only have high conductivity to proton, but also exhibit
negative charges in the presence of water. On the other hand, the silica oxide molecules in
30 water in the presence of high acidity are positively charged. Under normal pH range, the
proton adsorption on SiOH surface groups is very low. The presence of high acidity HPW
molecules will significantly increase the proton adsorption reaction of SiOH, leading to the

rapid increase in zeta potential and forming positively charged SiOH," external groups.



wi th a much higher activation energy of 54.88 Umol-1. Wth a possible
cooperati ve nechani sm proton transfer occurs along the |inked chain
of hydrogen bonds, which involves the dissociation of protons, and

the orientation of the hydrogen bonds al ong the conducting 10
direction. The formation of strong silanol bond weakens the hydrogen
bond, and results in a very |ow proton fonduct ance. The activation
ener gy of[0U$le nAxeeestR\Wetdsbezibl RS0 cOLSHEOERRARE %&itlv‘é%&ﬁxﬂ?%zgi silica species
significantly higher than that of the self-assenbl ed HPWSsilica
nesopor ou??‘ié%‘?rb?ﬁgfli’@yb‘ trepdHEW by e slecitosigtic faree. Witle theerdditiond @ structure-
silica. Tiiesting e iPhid 8l a Emcﬁhgh%ﬂglﬁ %i’é,' tf‘lél tuﬁ:g-rg{?tﬂgﬁt hhl?esglgdg&%q{PW-

hoppi ng HPW nol ecul es may be hanpered ow 15 conduct an
si | i ca redPoivithdbairerlate of Fd 2% Pedastanh ikampiPireighi cwaperativechydrazeatdnding

the suybsegis Nt I r i on pat hway t hrough, mesopar ou

si lica. %nggf%ﬁb%vr%agécghgl\%s&g%ggpég%ﬂosg@% %IIPECI)? c}}r%e‘iufsgﬁss %ﬂﬁi t‘ﬁ?riggrﬂc triblock
nmechani smopélyinkeP t23derfadtante Ydifothe phaserseparstiond 6P 108 ap edlldiBIVcoRpie eirally
on the | s of the .es of the nesqoporous silica structure. The
ot ect i vaoBToRb P Eh P i D DO STHE: PapTalom OhFpRRHrichge
Mesopor owscsrhatglls ofdegedsupport ed by the high proton conductivities
and | ow activation energy. The simlar activation energies of the

y 9!
proton coftfict i'd EmpiigRan Hisnshy remeyed by kegt pRstments ovith thecldPW molecules
i nor gani gn&l i i | s such as
Nafion(r) s r?ﬁ(\s}vil? ﬁ)la%ﬁb? ﬁ?g%% %t?%nhﬂﬁlgE%%@?Swgg%%%gﬂ?ggm@%ﬁ%‘gﬁgh t he
sel f - asséf¥iled HiPVImeid onesppareus eddctrotvtasiopn,doi sxampid b hyt-pesddiv foab adolid

by a Go j i - ire_an.actkivatiqn ener rangi n
¥ om 0 55185 SR ERAL bl AR R b R ea S5 o ok PR e e
proton t pahyspuet@ivden cacmilysnipyroiighng(PYBnat @dlyMWidaeeElubede (FVDF) as
act as d%n%s and acceptors in proton-transfer reactions, and the
bound wat’€f ol ecul es that act as a vehicle and forns H30+ clusters

t hat 15aci{0$1]at EhthRotoh GtdBpdrtaBHS RRERanis 0F ltht HEA@S&JIHH@&%%MHE@ Braftcies
and generate co%nuaus pr ot on .conductive pathway. 30 [086] On the

ot her hafds syfiedP3ssd gy HEREsikea Mmesoromus J¥ptor ¢xshange yaciuphe $aing aglf-
by the ch@s@b%qmgmﬁé eiRbted] fre HRYY BNGhoTBIPUP QY Qikaitipld. $he ?J;tb%c%is ﬁi@ﬁf?f

of separated HPWclusters is al so supported by the ower stability ©

the m xedheriolfasiessled HP¥Wmeemsibied ¢lectrofiewas msasupgddvoriectroakemior! timpedance

coul d oc : indi Vi . O=: - idicC
ol Ust er 5 purotoBy B G CnEHR, THE (PO JePReRERg il o thit % o
condéd@t i dafiolr owgibrawpardataacbd-Fhatatanized by tapidal ns efoleopistss The ecanductivity
appears oyt | gwer protan conductivity and higher
activati gﬁtagﬁ%% %lrﬁgﬁrgy?pi:gf g’r? ROt Ot COTPSesT tbﬁgr %(%?f’dmtg‘”ty of pure
HPW nes onshsdpocauscilitaasad directmik @B Wheh HPBBRakIoUGldarie aleb sdve et firk 7CRle

be adapt ed.dependi n.the surfactant and concentration ratio_of .
our fack aREEDuERE M EBaier Fapestih SoroDlebss s b2k mensndughriy as
net hod Okorfipdred @lithhitahtedt HEWIRksdBESOEhd bikeO8ERbaus dilish! NaFt®kss, also a

results in a highly ordered and nore stable crystalline structure of
the fresoPtSFRRRECYdRstphaonatax yriieth wan mixedt oo pliaryaananufastuse with adksteropolyacid
descri beg,phoued .Eq80R188. hPbxanfid 8L - fli LQ@al: . nesopor ous
structures whi chacan 10%6t{(;b%x%%hﬁwﬁk%gf%ﬁk@g%ggégﬁ S are

i1l ustraf@®d]i nThe gueten icondudtigy of stifiassedbleintiP Wisilicrs edsdperas relécsrobyte is

afect ¢ ROoSErr 1% cCap TOBHA, Fuich gl BT endh 857 RhbnaTRE SFlhetoiced

sur f ace- HPW/ mes@giting coxhpos&etaﬂ@%ﬁt(ﬁk@orﬁ?%f&fﬂpuﬁ@ﬁxe%@fﬂ&b @ilica under the same
i quﬁj-l ' gtgri?d or,.sol i g-l iquid, a surfactant tends to |locate at the

i nt erd ac W2 CORAIQRS: HrRiuk FansprEaten; thrqugh, the PeEs Meseperue Silisp is drastically
cont i nui tipmite@t ween 15 the two different materials. For the

manuf acture_of the inorganic nesoporous el ectrol yte descri bed herein
(083]  The activation energy (E,) was calculated by linear regression of the Arrhenius plots

of Figure 7. For the proton conduction on the self-assembled HPW/silica mesoporous



20 organonetal lic (chain) precursor and inorganic surfactant. [89]
In general, surfactants that can be used herein are divided into four
cl asses: anphoteric surfactants, with zwitterioni c head groups;

ani oni c surfactants, with negatively charged head groups; cationic
surfactants, with p03|t|vely charged head groups; and non-ionic
surfactants, w th uncharged hydrophilicl?head groups. 25 [090] Each of

t hem can ehe;tmgeq B, mﬂﬁpemld&ﬁﬂﬁlyvetﬁclbmmﬁﬁid@ﬁdﬁldﬂ%ﬁ@f Red1 hRrmedM r&orted for
m Xt ur es

t101 di h%gvent S 'é‘{??nt s can be used. Exanpl es o
groups of "&RM mpjec he saturpted conditione Tﬂ}gé‘d"v aptiatign éngsgy, tagasher
not |im twgh e h?@f&ﬁlﬁﬁétﬁﬁ@%f ﬂ%ﬁefﬁ%&&bl%f’%ﬁﬁeﬁ %Q@Wné Quggests

name only a few. Al so, anionic surfactant term rbox
(salts) CafPIBuQRS GUOtoD tragpportanathwayetheopgh sk egaii-1y30 HRSE opdleolss igithd seif-

mat ri ges a‘%éﬁbléchﬁP?ﬁﬁ%?& é}ﬂgaelé’cftm nosi | anes or quaternary

am nosi | anes suc opropyltrimet hoxysil ane (APS) and
N-trimet Ho%4)l siThe gnntqnyﬂraxﬁpdﬂtaﬁbn nmpﬂﬂwhaﬁpmnuymzcd'lbmdnﬂ@a difARBbeRsiour

t t di t t 2 | f
i ont o SHIF acpuE BRBeCAENaRon chral o SHPb a0 Milubuntesbls GoRmetyive
Sul fate (ddafnisihOstotom t%ﬁfeﬁﬂﬁ:uﬁs‘ﬁl&%’kﬂé ﬁnkéiﬁkb}ﬁﬁif mﬁz@}d g6n 861dd; which mﬁrolves

ycol it hgchol ic acid ethyl ester, ammoniumlauryl sulfate and ot

aI kyI sulthefissosiation of pretpismand theatrientation af ehe hydrigen hendserlenss tiefconducting
soapso f afideMicAC THe $6thiatioR bf G &{glkﬁl@ﬁoltb'aﬁﬂ %Ekeéls l?egllydlré%ﬁ%toﬁéitdn& sulis jn a

exanpl es of a nonionic surfactants I nclude are
pol yet herveryalory profasl qrsiupighesnd’ hg)@ﬁ@@)‘—wn gherghyof éhfen‘gteﬁCHPWﬁmhmfmxgdpomus

hexaet hyl SRR AR P Honoh e G TRLy B ull i B bk e Fefpica

as octyl ngﬁso;m&lsd@mpﬂ:emybumhrm&mldjat Oﬂ'(hgl]mfﬁ‘llnﬂsopéidﬁy kitioe Qhiy/Mm@lcates that

nonodecyl, et her coc cocgmde T

al cohol Zt?eslﬁrgﬁn%&’ofé:?’%’%%%@ﬁom%ﬁ ga'? E@h‘B C‘ﬁ ?%E@L"é%“f"é’r@’ the low
(suchsas csmﬂufaaﬁéeﬁrsﬁlﬁcaofreg;dne bEeRea (df) tige uoeépa@ce& Tmp\wéxﬁéa Bucrlee s rhe
40, Tween 60 Tweeg)gjl 1)_ 80, Tween(r) 5) and Span(r). series

(Span(r) S eq“é'ﬁﬁlr?ﬁlim tragspaisiarion pai ngsyperows|siliganmer i ¢ al kyl

| t h S B T
0oLy e shoug et LB ok B e

72, Brij (RPOPPEOUSBAREE Withgtrapped jHEY oide @y on the walls obrthg (mesopmes of the
Br| j(r) (

CTer gi 1 of notGue e Brachite] WigcfotiveatloB TRt SISELS, Bhaep, hgropoed
Ter ggﬂm EHRVKER ghe m§soperqyistabaimrisNRe Quppﬁarscy by ghe mghPrdon ciimt@utrmbs and low
NP-11, T i olrmNP 13, ol Tm.NP- 14

Ter gi t oi ?1{:1;1 ﬁh@%éﬂr%réﬁ %ﬁnﬁ%ﬁgﬁg YepI eRgt ‘?Sto&tﬁ?rg’fﬁg ngpndyetiog;thropgh,fhe self-
NP- 50, Tessgmbbd rHiR WiRn &do-siT@r ig bitganit: ré‘[dtsﬁ’elif&) gnd tat lppHhphsaldonc acid mernbranes
pol y(et hyl % ((% ch as surfactants of Lhe Triton(r) seri

DS L o Fchls SERCR i i 8 perion Simep s Taoghanism by el ey selbassraupled
Tri t on(r HPSPmbs®silits i dietiolyte SPpiddabiy ;I%ddﬂlpﬁh&ae@ hhGfoafhs nleBhAien Whlch
|Iluiérat|ve exanpl e .a noni oni c 20 oaxamer is, used, such as F12

or P$23 FdUird R actjveupn gneigyt KBRies fS}eTtQTé‘P Emolheand @ssittestc k)’(%VB)ICldﬂI
tribl ock N84

p(r): ye'? ﬁeﬁﬁ%@i for g&ﬁ\crr%legh? rd?%rgg g%] tggéuéﬂhgéo‘%ﬁﬁl r&Q%Q%&’ﬁg?ﬁ%lP g’ﬁes
or segnefhat a¢f ap doyqrs apé apsepionein Mchkra(lsﬁer wecfiment dnd therbound water molecules

|
o1 1 90¢ o L s Sehight 8K corBRDY (RERT BY & Befiiion damsoart trpugpie
folr at L Glndtthoks meqﬂmhly,n‘mndl gaﬁd:ruiﬂesmlrhuﬁs prﬁtjdﬁ&brt;ducﬁ}fé %ﬂ?&h g g
t xi de) - b-pol y(e ene oxi de.

oot i TasEflc: P he kit Bt Shmbeko TSR poticn B <ecramBsanE by
pol oaxangs. ci&epﬁﬁcﬁéd@ﬁﬁfersl $1PRV Ginfl URGbhRO&Y 31IHE£’01‘heCQJHQIBxYJEE6f Hﬁlfaéﬁt@ﬁ'@v

termnating in primary hydroxy groups. It typical has a central
clusters is also supported by the lIower stability of the rmxed HPW/meso silica composite.

Thus, the proton transportation could occur through the individual HPW clusters and meso-



30 hydrophilic chains of e.g. polyoxyethylene (poly(ethylene oxide)).
The pol yether may thus in sone enbodi nents be a pol y(ethyl ene

oxi de) - pol y( propyl ene oxi de) - pol y(et hyl ene oxi de) (PEOC PPO PEO
triblock copolyner. The | engths of the pol yner bl ocks can be

custom zed, so that a large variety of different poloxaners with
slightly different properties is 20 cotfrercial |y available. For the
generic tsliea tipabexdnsic hydrved erogqprond®l & gila@ok FHIR Protod @REcMdr through

the letter " ol oxa followed by three digits, the first
two di gi t¥P %‘a‘féd&‘gﬁs’ gl“%tﬁfé ﬂgﬁd%*%‘epwa%ﬂﬂﬁ ERRSRLSY o fhespRertqdny a lower proton
pol yoxypr @pyh@ieyCake highdl idiQatis tené}gg for Xthéoplato\f@%oﬁdﬁ%nﬂ%f &% NtheYfnixed

pol yoxyet hyl ene content (e.g., P407 ="Pol oxamer wt
pol yoxypridBVWase-sitatompesiterass of 4,000 g/ mol and a 70%

pol yoxy et[@ﬁl]tegr I \jﬂ\fetg‘(ﬁ%ctf]}:eofif fh@%fth rcgﬂlbga{dfi@grg H | ggn% cglo{ﬁg S ffaét and

copolyners s etter to fine’i rm-a
t enper at uwecdniratien-ratiogpdisekfadfnt tpargiremekalic ﬁlbakmr(tm lis ﬁh)aal iff the |sd\l@1ﬂ rﬂeshod

two or three, di |ts the first digit(s) refer to cul rrass
bt he paryELER IR S 18 dbdriod ot el 'S A3 ity dered g more
and the |swble ehyghllink sthiktgre\of $het rh%opeﬂ’oﬁ@ﬂﬁaﬁrgﬁnﬁﬂhéww%depﬁfﬁma@s bound as

content ( Pluronic, with a pol yoxypropyl ene nol ecul ar nass
of 4,000 d%ﬁ%ihed é‘%‘d"ea E?‘éﬂ)@1§6|f9ro@é§féﬁeﬂwhéfﬁéh@6?%ﬁl JieSOpREDUS Siryevie Phirkycan

for exanieblfndd with MrRfdt SRRGINIFBFe Iﬁf.lst%drlﬁ ¥t 2-methyl - oxirane,
havi ng the Chem cal Abstract No. 691397-13-4. Ilustratl ve exanpl es

of such d0f8l yeh hewfagtantt peusedrheesin i membenpf disl dassrdfthaserials that, in small
copol yrer, k 600/

Corrol e ekl AR e Altacbintafo ko0 i, MR B ccive
103, PI uragmtclnlfiz By0~Phur=omtgn,1®? ex@hple. divusd-BgBd oPbalidoliquid, Fa- shiPfdgtant tends to
Pl uroni c ni 7 PIuronc Pl uronic P_.75, . Pluronic
PE 103, ﬁF‘i?reom ae ‘Héfg‘a ffi*? Rﬁ’(" phigsess 3! e@l‘bv‘g‘?‘?fiﬁceﬁf 86 05 SPRHIUHY Beveen
or Sylipernineo HEf&eﬁiZﬂxateh@IsﬂHﬁiEt}Qnﬁmmﬂacftﬁw of 1{1951]10@2@6@1&63@&@1’3 electrolyte
cati oni Cr‘nis “ﬁ'{l} ﬁg(tjhgnts i ncl de cationic %aterh’si amoni um sur f act ant s
whi ch cafePlre dsrem (he é‘?r SPIVES A% aTYEUIS| RIFFHRE ABIGYL-C GUEErndiFspting
anmmoni Umsﬁﬂ'ﬁd‘tﬁﬁt&dﬁlﬁon %3 stﬁﬁfﬂré‘ﬁtr&ﬂﬁh %T&%fh‘i@dl.(rﬁ‘xgghe A Sradhire OF AR iRdreanic
s=2-6, nrl-22 Cn-s-1 (n=8-22, s= 104- 34, bol af orm surfactants

(Rn (n=4 clegtrolgte tmultml)a‘ t“kter"r“m%ﬁb mmpogatsﬂ@mr@p%xﬁcﬂa@@tam@me@m@med
(me14, 1 ) t l f -
sur f act agl?rg gk%Cn m n{a%vg )15@[55&{9 B&dli}%ad%g%%%lp gftgjgjfé ﬁéus crengRolygeid
exanpPles Oﬁgaﬂamé@ihcdﬁh%n)sulﬁmmammprgahmderfadbmt are not linited to 25

oct adecyl metpy e

trimet hyl[éédrlrmnlﬁu%\&b%gﬁlgdd E%Agag%ﬁé % i}//# %ueyrF]ﬁl grrrét ?1“’ ded dﬂtgnf% classes:
br oni de, au'@hyﬂcpy rsud'acmamsn weith awuttbao(n@ﬂ(é)ld graipy.eitieniy Isaﬁaﬁhutsaldimwn@_ﬁii\mby
(PCEA) , h ae I tri rret | anun ol uen suLf onéalt1 benzal koni um,

chl ori de asgﬁ%l&Sh Hoalr%s Mve arged head groups; and non-ionic
3-am noprs@mdtdﬂts mi&mhmwﬁgécﬁlﬁﬁl&diﬂ@ﬂwaa giopd. hoxyl si Iyl propyl -N, N, N'-tr

i met (TMAPS) or. m xtures thereof [97] Exanples for
anph g)t’l eril &9% ur f ]‘%EQ Sﬁ{&ml 38 bg (Hée‘l iggrengeatly 4t the methady desstibestlessin or mixtures
bet ai ne, o¢adfedit durBictintEdah dRLGRI opanesul fonat e nonohydrate, dodecyl

di met hyl am ne oxi de, cocam dopropyl betai ne (CAPB),

34N, N- di 141y | Exapmiesiof ayups of aviprissslt Furfavtanisakat 2n bp sy it frohare et
coco amp Ii'iﬁnglﬂf&'c%%gylg{es,ng\fffa{ég,eﬁllftogﬁg S, ?)Ilosphates, to name only a few. Also, anionic

surfactant terminal carboxylic acids (salts) can be used to template the synthesis of

30 mesoporous silica matrices with the assistance of aminosilanes or quaternary aminosilanes
such as 3-aminopropyltrimethoxysilane (APS) and N-trimethoxylsilylpropyl-N,N,N-
trimethylammonium chloride (TMAPS) as co-structure directing agents.

[092] Illustrative examples of an anionic surfactant include, but are not limited to sodium



[ 098] The sol can be prepared by any nethod known in the art. In
general, the order of m xing the conponents of the sol together is

not critical for the formation of the sol and therefore m xi ng can be
carried out in any order. In one enbodinent referring to a sol-gel 5
met hod using a tenplate, the step of providing a sol conprising a
het er opol yaci d, an organonetal lic preculor and a surfactant

conpr i sesdodecyviutfate(SBS),i sceliuns pbntneosul fonarpr dehiydrgciiolideicRy, @pRbNMeiHbliaRdid
at | east organonetal i c .precursor; adding_.the first solution into
a second %ﬁﬁ gt 'ieg AR dny Saﬁgtﬁ F‘?‘g‘&tpﬁfrﬁqk)ﬂ 8‘9‘896? SAlts, sqdivg) laurpth quifats) alkyl
The conmposepére saffohdl€ s6&s, BaD abI8 salisy HivReksebQre M xing in a
suitable solvent. In general, in a sol-gel nmethod or a

sol - gel - W8t bt nBsEItivEeeHoPleshel 8 priienie shifentantt dndbade, et dres ool Viedtei rto
an al aphololydaya ek 00584l u rLeanos .| it 0

et hanol , OI;boujt( ane}@é i s8g{ygépg}2§reb%?%bg?ieél?ﬁ&{eogﬁgorlrebﬂé% v 4 %f\:/{i ¢ Oé%gerts of
sur f act arolyathylsae okisleh bnd doly(virdmenic roxive), drexaathd érsogliyen] amomheekedy! ether,

15[ 0100 ' s the ,surfactant .is used. i nol rati.o
o the ordoIRSEAFRAR Eh B ol6) WeofGh Ay Polteiufafodhethuris wieo
10 nol % anorbdeny] %tlies, edvaniideSMBA, Yocdnmide WH A GeobiBide ARIE fattp MRRAY (sikh as
ol % to abpklt 5 NFICVTOL Irg‘t%abou_t 1 mol % to about 8 mol % In ong
embodi merfE HICASRA Plevh alcgheld: HaERitan fers (4chcasamrfaghats, pe the Tween” series
or ganomet@vetn® 20, eBmeRB40] TwakP0, Tu2eBOOTWRLO 58 hnd &&aﬁs?ésggpéﬁ 20,
Rl y

is carried oyt by agidic cgtalysis the sol provided I's aci
addi ng ar’PaBi 80+ 3Paph&0camasorfom: elizomrsicating pelyfethidens axidas) ésclees surfactants

al 1 eady 1o hd1BrifOLL OlkifPrie) ™05, e db! BEROIY. pHOMRENEHESLDBLM £ prijo

m xi ng them t oget her the acid i's ed t
conponent’®, Bttie92dh Briifla%e BriidnoGditd Toditifa’, B8 0) dhd Reegitol Moseries

h H 1 ) 1.t t
Sbout. b (SEREET RO el ?ONAR SERITEN (2B rerkib e 37 1hPE e
6. [ 0502]Termtol hPdh Teepittt on-1a/Yeraitol 8" d@nl hTetsed™ Mxappt@git@™ Np-13,

o501, B R ACEEHOh o PO 00 b oy 40, Lesgholl P50,

or ganonetTatdiiot " INESY] Bergitdl6™ NPETGY; ialkyi-5h 28 IpBRE ARG xidQAD(skcl & ABQMbnts
5/1, or b tvve,gn agout 50/ 1 tgn about 5/ . or betwsen about 30/1 to
about 10,1 e T‘P@l@ﬁ‘]lesﬁﬁrﬁ?fba?ﬁd%tgmtppchWéc@Fl?@r %-§14 dinsera] X1#05 oFriten”
froma mepaldsoiTheh® SPORIP P! :HixRREPARLhe! Iﬁi?‘tonbsilﬂbtfa?ﬂ%\/%dpfb AMnonjonic
acidic solution. A netalloid conmpound n&?f for exanple be an“organic
net allloi @oloarpeurigiuged, wech 83F127 enfdR3 asFKI8 i con acetate or ger mani um
acetyl ac at X | ' n r gani | | ai
conmpound ‘*[‘(?)9]3#'} an?/A grr%l%atg}é l%lr’wéﬂg@f Eélau%metB gk%gn(%%%{o ng) ﬁ%ﬁ}%lﬁoé: %ecgpééi%‘%\e}g&{_ﬁ-‘k or %'B”
C) or star diblock copolymers. The polycther may for example include one of an

oligo(oxyethylene) block or segment, a poly(oxyethylene) block (or segment), an oligo(oxy-
propylene) block, a poly(oxypropylene) block, an oligo(oxybutylene) block and a
25  poly(oxybutylene) block. An example for a triblock copolymer includes, but is not limited to
poly(ethylene oxide)-b-poly(propylene oxide)-b-poly(ethylene oxide. Another illustrative
example of a respective triblock copolymer is a poloaxamer. A poloaxamer is a difunctional
block copolymer surfactant terminating in primary hydroxy groups. It typically has a central
non-polar chain, for example of polyoxypropylene (poly(propylene oxide)), flanked by two
30  hydrophilic chains of e.g. polyoxyethylene (poly(ethylene oxide)). The polyether may thus in
some embodiments be a poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide)
(PEO-PPO-PEO) triblock copolymer. The lengths of the polymer blocks can be customized,

so that a large variety of different poloxamers with slightly different properties is



[0105] In sone enbodinents the metalloid precursor is an al koxi de

such as a silicon al koxi de, a gernmani um al coxi de, a zirconium

al coxide, a titanium al koxi de or an al um ni um al koxi de, to nanme only

a few Exanples of silicon al koxides include for instance nethyl 5
silicate (Si(Ow)4), ethyl silicate (Si(OE04) (TEQCS),

t et rabut oxysil ane (TBOS), propyl silicate (Si(OPr)4), isopropyl

si | i cat e qo8infetrialpy )lm)ilabbeﬁolyﬂlegehetmtafeﬂn (‘B 636", ek 4ppolgaenglare commonly

'[Sle![ |r ;?tz ?e aﬁl ﬁ%&l F}Qttd' apd llb%(['.:l at & Eflgagr?endlgm %Q first two digits x 100

tetra(2- @#w&bwbyﬂo)(lrﬁatb Inﬁcﬂécﬁle(r&z(smﬂﬂg'ﬂﬁﬂ ?Ifeﬂé’ k&rBgardl dhiqak Qigit x 10
aC211402) 250, tetrakis(2,2,2-trifl uoroethoxy)silane (Sl ( OCH20F3)

tetral ci SISt (R yPereqRitaso R Oy hdeRss; antand ClomneF#)7 DeRelpkanser j with ea
or cyegl O%Noxyp@b}lbﬁ@ﬁl%lec{xﬁxl%ls X200 B5nc® bnd 7B bA 'h’ag&@eﬁﬁf&g%%tent) For
include, but are not limted to, tetrapropyloxyger

t et r anet K¢ Bheyayes W@dﬁnamﬁmeémgl afitbesgeppalyatrs stagts fiihenlettereiomafiat Et's (physxcal

212 o SPUGPRA DO R L o, & S50 o AT 9 o

ethyltit ainglumheﬁh'stehglt{x);mﬁar Pmﬂmtmalmlﬂannmasebﬁmb poBoRYIPYHere dosd@eRrmined

t et rabut |sor ro tita i sopropyl nethyl
titanat e)ﬁ%#f@a ngl( B agﬁ%c} @} l%%/tl digitix, gwes e gercgr}{age polyglxyethylene
MDNOil§opcomentyk ki, tmn'o#yffluﬁoam With a BUlyexHESyRdnd nRAERAGE GAROLAL 000 g/mol and a
titani um d| butogwi)l s(octyloxy)titanium Three illustrative

exanpl es / Pf’ YOXYE fneanteBl)i aql@cther may for example be a triblock copolymer of
di et hoxyfakﬁér?e Wit RAREh FLXifah &, CIOR i The Qhbiflcal fA'b?tF'efi’:E %6‘891 97-13-4. Ilustrative
tri et hoxymet hoxyzi rconi um Further —exanpl es of organonetalli

pr ecur soexgraplenef guh alneAyetenrare it pomimerciakinli ayailabie onitiloik ca;tolynserau!sbka
possi bl e f

ot 1 ceol "SoMRF OB MAATPIon 0. NEhERk GBOR0 KR 321, DT FES BB ipsontog
to b5 rrall?tﬂnanﬂ()? efdurovwelr%sﬁlue:una s, almallbwwrmlkm @durpie Gur230Plukdnic

et al Toi & RO B RORPBF §ioe AR O 79 Bt b Tt ks, Hifonc

i 11 ustraSFs, msaamlt 210, MWDMWMIBWWHWHEMQMe%Vﬁa fewhi gher
ard th . .si licon conpounds.

25 react n
Accor di nt)(?/df pE‘?‘ o3 Eetionn sefectanisade GHipRI6 YK F@ary; anmonium surfactants
signifi Caﬁh'idh)’caﬂaﬁt}ﬁﬂe that GRNASIAm#AdPR DRHMHRRME NRalhRR %mfohﬁ;ﬁ{'k&mctams,

i pro OXIde [ 0108] In some enbodj ments a first solution of

| eastl on&emBiny SHBAEANS 168 Free (FsHP2asd-4 HE=ha2krGpol (padd $=§3 @E dﬁBn 80,
first andohiteR AAAGEANMNGET (sl 6 isngof ?%)?mgn d?&ﬁ%%q{) & 16'151‘: %ﬂrfg&ants (Crospe1

conprising the surfactant. I|n” anhothef
cont i nuo(mstriA. 36i k. et2eweh) af totrm- Imhdgr@mdénlaﬁﬂmamafabtamﬂ (ﬁl Xed(N=2, 3, 4,
toget her ghﬁ)ﬁ rr| ng time can be between about 30 minutes to about

i ncl'udi ng "a“period of time fromabout 30 mnutes to about 4 h, a
per| od of09%6] ne Ilfustratiab eximgles mifnat@totico abfachntSittlude, per iags nof linlut“ea to

fro bout, 45 mn o abou riod. of ti f rom about
o o adt s R T R “Sromidhy BpTREARST 181 SHmst R cBroide
about 2 (CTABR meae@@bﬂﬁ;ﬁdfmmmlﬁ;amaaﬁommﬁlda t GetApridididg Sliodide  (CPO),

usual ly fornmed at roomtenperatur
polyethoxylated tallow amine (POEA) hexadecyltrimethylammonium p-toluenesulfonate,

—_

benzalkonium chloride (BAC), benzethonium chloride (BZT),

3-aminopropyltrimethoxysilane (APS), N-trimethoxylsilylpropyl-N,N,N”-trimethyl-
30 aminonium (TMAPS) or mixtures thereof.

(097]  Examples for amphoteric surfactants include, but are not limited to dodecyl betaine,

sodium  2,3-dimercaptopropanesulfonate monohydrate, dodecyl dimethylamine oxide,

cocamidopropyl betaine (CAPB), 3-[N,N-dimethyl(3-palmitoylaminopropyl)ammonio]-



[0109] For stirring the stirring speed can be between about 50 to
about 1000 rpm or 5 between about 200 to about 600 rpm or about
200, or 300, or 400, or 500, or 600 rpm [0110] Dependi ng on whet her
the sol-gel nethod is followed by a hydrothernmal treatnent, the aging
step in the sol-gel nmethod can conprise | eaving the sol to evaporate
(sol -gel nmethod) or heating the sol at 2 tenperature between about 80

Lo about grepGeantohgieHRd ARAYELLAR IR NS HkAOE at ' pressure above

at nospheri ¢ pressure (sol-gel -hydrothermal 10nethod). The latter one
i s gener d0P§] caFhe & contbeipreparedaut et meod koavr n teertjul igestrals ihe order of

pressure Ko r of f.ill .and

t enper at uﬂpgn{gh hﬁﬁb gggﬁ% %@ﬁ% e(rii? ggtp(%rggcgﬁ?og tg? f%&’t%‘ér?fg% fotfl and
100 1cPa thcrefpr@ﬁﬂxzhg’aan Bbem@ﬁejut axpem;abndmg Ipoas shibeditrehi teférfing to a sol-gel
detergln ‘ﬁ t he autocl apabl 11' %/ %}}”6 the | ower pressure limt
coi nci’des™@ % SRet é?‘?p R&P Y PIOYUINg, A 0L | FORPHFINE h @FOPPB’raﬁ*idnﬁn
wi thin theg&ﬁﬁutaqledm@rMIaﬁ@asiﬂ%&a&tmnﬁt seght |y exceeded. [0112]

After the hydrothernal treatment the gel can be left to dry. In case

no hydr ot"herRfaYy! dingea figsh §plvtien Ge@grisipg @ heteronelyarigt andsay leashpne organometallic
evaporation gafdsqke place and the gel forms. The tenperature for
this step is about anbient tenperature or at a tenperature in the
range bet'weedidiigdhe figsaletianioteta se60T, solntion comprdingi4 sBfcEnt o ohbadni sal00

. fram r t ur a f ram about.
aboutEGBOEt@gjf roﬁnl%g%%gmh?gggﬁf erﬁ%g? Obe ésspglegg’ggfe BerES lq?ﬁ?ﬁaﬁ%oﬁ?fve%m
C to abowgengsl, @ a kolegnl alptukl aracwvi- gemnafcalﬁdmnel hethad ehét sifille Compdn@As can be
about 35dCt bout 40 ?C{g t1 may als ?‘S sel ect d to be _about 35 C
or about YO frbﬂ:?}cob FYBpies 81 p cohpisanely ‘F (:’f &gt not dyputedytp gghanol,
gel may ﬁ)h&ﬂo]bﬁoﬁﬁipﬁmd]ep“l’opéfﬁe thakfe RNl yR& ThdRERRAMOLS BBBIifsbived either in
el ectrolyte may, for exarrpl e be calcined in air, oxygen 25 and/or iIn

an air - o7t ORPRP i & 3lFoholt enperat ure from about 200 to about 700 G,
suchias o aheubmeUhbolindRAlhe 80Qader® s é’ﬁﬁlﬁ? a3f0ad %ti@tw &?Q%nge-mﬁc

calcination nmay be carried out for a period time froma
about 48 PFRSUFSSr ins adAngesbatween plaus Mo miol%6 i dfompl%2 or d B tto 2%oitodi il %,

or from abein ik 9 r r | ci
i s between abo% gé% (r)nﬁ]élmga §0§?@i@y%’aﬁ%ﬁ&g/ p%%%oug?m%?atﬁ@%om 8
mn, or 3@%nilm onerembGHinminh theo motE/ratdd betiveen (iRl ddfacEat anddiel agadetdle:
carried r nmosphere of nitrogen and/or oxygen. In one
enbodi meﬁtgc lglgr?g olﬁ‘)‘t]ingIS ‘arried out in a first period under a

st rean of010lr Ongeaseaﬂnd dobiis earfied otdbpasidRccatiiekey ﬂﬁrboagymﬁdhlaeﬂ’s Qcllified by
oxygen. T@@ flow, te of the gg{z ﬁn be between 24 about 20 nL/mn

to about 8HHH A jeid gag 1besgithen @dded pliady de dbe sefation

herei n cahidind ﬂh@rdlﬂ'ﬁﬁﬂtr ¢o§ﬁao§1&ﬁs StRR: RlxiAPMeN t@gethéleorstﬁé a804Q adlded to the
support material, such as a netal mesh or netal foam or porous netal

subst r at BHPrGRS Al componsats afisrdhex havarbeen gdded together. e asidis sodutionrias a pH
the net abewReh aftfut Tab Y of n%i@ﬁooﬁg?% BSorhellfRhiabBGS fabé) i o{‘ng F}P&%p@é, "he

a gel incorporating a fneta metal Foam or por ous
subst? at eHds alywt 3@s 3 wed ar Soupport . [0116] Metal foamis known to be a

por ous bL %tﬂe be 39 | id,or r essi bke .ge. i

sponge- mg t r%ﬁgfta%%/&é%g% ﬁﬁ ye?cilaF%n ks gsqﬁnﬁﬂmpﬁs £hé ?»'tt}.g"t ey bif gsed

27 showsirfchrde g pye reot Hmited & HOEHNO4) #8380y, HTIOQEB) HTUOOE 0pCHICOOH.

Ni - mesh. . . Co .
[0103] The molar ratio of the organometallic precursor to the acid is between about 100/1 to
about 5/1, or between about 50/1 to about 5/1, or between about 50/1 to about 10/1.

30 {0104] An organometallic precursor is generally formed from a metalloid or a metalloid

compound that is dissolved in an acidic solution. A metalloid compound may for example be

an organic metalloid compound (e.g. salt) such as silicon acetate or germanium

acetylacetonate or titanium alkoxide or any other organic metalloid compound of any metal or



10[ 0117] Porous netal supports/substrates can be made from

di e-pressing or casting of netal oxide powders. Afterwards they are
reduced in a reducing environnment at high tenperatures (the
tenperature lies in usually in the range of between about 600 to
about 1200C, depending on the reducing tenperature of the netal
oxide). Due to the volune change of net® oxide to netal, a porous

netal suppenf dompdehd HMeftividangiyy shape can be formed. The porosity of
the 15 et alé1 sul%port/sut;strate can al so be controll ed by adding

por e-f or ni¥A0¥ucle some gribodimegtsathhi metall@$Fre@imor iFan akaxigd eychpay auslicon
Ni  suppor J r . made. from Nl O powders. b he process . .
descr | bect iR iR b tdg € Fpt bl e BPek ot gl o amrim
ggoc olr helkgghde, aochamne! atie arﬁdru@khmpie@fofﬁil@oﬁ @éﬂﬁkid@ nlm]gmt fo? lﬁ@tm%@lﬁé%ﬂyl
e sl can be t .netal. mesh or the metal foam or the
por oug’_ ne%’aléqapﬁé%%yé’ﬁgaf’rg‘ytﬁﬁkcﬁ% ) @FQFS_),SE?BW?XWWWTWMHOW
knowun 11 SiliteSl(OP), MBrapPaRtAMi(OilFIf), Hohty] AL ERPISIRIEH I h)Cocty) silicate

support nmterjal via spraying or co-pressing by uni pre
i sost at i dSEPEeE17)4):01Bobutyhe sikisets (FHOK TP bt aletré@sethybr heayld usorthetiicate

substrat I e, tierial .that.,.
can i nol (SROCRACEE-BELS, (cuPROhybEsh, Bode PENAREHENS Byt tcate
25 mangan(sdlOsh$ier fetmbis(Pel,2-tiifiudoatimxyysilbiedi (BYOCHaCF;))M teatali{iiéthery-
bari C i ber i sium ..ni ckel al ] adi.um strontium
tin, Li\?/ﬂanée |°8{k#mf?en “%%Rﬁeﬁgr ShZ~ Wéﬂ%’ﬁ"ﬁﬁ? CI%PTY?ﬂhfat?'ndi um

t ungst en,[0¥A6} r i Examplesr ofugerm@eitiiedlkdxides indlReN bliffre SRt ERlitdMto, L BIrdp#byidRy-
tant al um ni obi um r’rqll bdenum alloys of the aforenentioned netals

and i xt FFER hiGtapet Yg‘@‘yﬁmﬂ orplenylsne segminatfe fdYienc nggmapgte nex a2.2-

foam or peirekifapEthall,SE4IST 3 Aldeox@ber@i, OUS nMetal support have a size <
10 gm or_between about Igin to about 10 gm or between about 2gmto

about 5 ¢M%%r Bxemplssn ofndanium ghoxideanoeiide bwh atsr nebdunited 1@, tdsthoky-
5, 6,57, ; . | . d a
i oh aae o Rani, dilcMhembiRA G RRA I GRS WA P RRRG iy
on t he n@renyl anitesiseprop mefhyt titavatpdnixyuis(2aproparbbag)dtaniunT, encnbisafroptxy-
40C for . i i 122] I n,.anothe ect, .
the pr esen? PRV Ent] dnBﬁ{gQ | ;s(ggtl[cgag Q‘[%dblg&? u&et%"}%‘é’} pr c“d‘?a%%?’iyi%fsﬁ‘)fﬁ%‘ﬁmam“m-
i nor gani Thresbptrativs exangtl erofecitotbinnieoridecid dktibeybas2 paspanslbelkirconium,

her ei n. E@{y?t' I etct rgl r\fttg i S usabl e. f or fHeI cel iﬂsagpl I cations
carried &Gt AP RCGRE S LporyaLconiumy, Fuphergxgrples of arsapmetallic|precursor
oper aves imdude defp@m chlbeidaiatiam@orate. %39 Glso lpBsNE t&HROLIRES of HidGrent
fuel cell OBerat.es at a tenperature between above 100, or 200, or
300, or XREEUSHS 1BEASE pixed afucepaeh af hesHicashpamtaEpinx ezdolity mateix|are
oper at es t@be HBATBEHM! Whed BN Q%tmﬂai@a%hdég&f&mm{ WAL, Q&%&Httagc%(&@%

to about 600C, between about |100C to about 450C, or between abou
100C 10 keFrafomindparelaive Fetiwity cdbbemezdo@ comphiwds t@Gy@olwis and poly-

bet ween C %&P{: : | a. one enbadinent ..
t he fuel %gﬁéflsaﬁgg'aplg%?g@%%ﬁ%% 0 }egg]?agéue]*‘ %%%Jr%ﬂn%%er%tm%}%ngjéehﬁw‘? ﬂglfgher
cel | 25 Theeagtatiyl yrs tthis sreghri nthemhese silieh  @elposndsam deerdingiyg bpotydmadeisation of
catal yst qor.a non-precious netal cat.al%stst f ch af iron-chrome, . .
pyrol i zed et al HAPRYTS K EMIEHE 5B argip %‘ﬁn BEIYEPRAENSREion pg titanium 1-

t ungst enpmgokidele; tungsten oxi des; fin oxides; tungsten nitride;
tungstengﬁsgﬁoi gne sugportg_d on car bon; _tungsten carbide/nitride
suppor t et '0R] cat BIRC FEREHITISEE, 2 Bk slationphthe-at enst ewmpraatrmecilie oreoarsor
Mo4l ku2Sel) ihelHeRiASidlyaRl AHiédardMBEEOMAChi L adRARh S sﬁ%gr%)ﬁléj E%}?md S?hét(ijon

thereof. [0124] In another aspect, the present Invention I's direc
t o adfret PIEPEENGEA gRERatant Ingnether evdrogiment thersot isrcontomdusly stirged even after all

el ectrol ¥5rﬁp<g1%ﬁt(§ rﬂapggce%%&ie&' tog\éﬁgl[. %‘hg Sttilgl%g qg&ehapag b%%gmeieﬁ GBout 30 minutes to
about 5 h, including a period of time from about 30 minutes to about 4 h, a period of time

from about 45 minutes to about 5 h, a period of time from about 45 minutes to about 4 h, a



20provi ding a nesoporous crystalline nmetal oxide matrix; inpregnating
t he mesoporous crystalline netal oxide matrix with a heteropol yacid.
[0125] Wth inpregnating it is neant to saturate a nesoporous
crystalline netal oxide matrix as described herein with a

het er opol yaci d as descri bed herein. It has been 25 , denonstrated
herein that such an el ectrolyte can al s28 be used for fuel cel

appl i cat i gBRARF tilteArorh GBRRIBLHLERs 85atolfs f3k %?’ﬁf)}p@ ﬁlenmg %&6%%5955 minutes

| mpregnat’ion any conventional 1 npregnation e nown

may be us@dbpwt %lheqia?r periddeofetime ool ghoat 13utoh2 ireTheossl ik msvaligieformed at room
i nci pi ent, }9@ rg adsorption, vacuum assisted inpregnation (VIM,
deposi tion an graftl ng. 30 [0127] If the incipient wetness nethod is

used, for[Oé&%ionc& starisgthet simingospbal vir ge aaehﬁieﬁrdbp@tl y@eo dbbg f000SHpm, or

repar he | be i nat ed subj ected to pre-drying
B Bl e ai MR AR AT R b B g e e PRL. g GRAGE on S0 B0 ng
step hel g91t@ rpéma&ngrbyl@%%m bl@sdlﬂgbl%&hé‘d fsrf@m&aﬁbﬁﬁf fh@Hﬁal fii%&ﬁde}st

and to fully utilize the nesostructure fo ficien uni form
i mpr egnat P ISRE TR Fe T pelrsh ansrbng aarsmmnsgrﬂeam ﬂ@,eom:letnt mpq:r@w (sbl-gel
the het ergogbdiaq thafd Hd 1 ak § f%ﬁ&%?edb&@gé?{ AP Sb% Bgutdl%%l’ en
het er opol yaci d | oadi ng | evel he*wetted support I s subse uen et

to dry. Tbeutdign mabmly 1B6°@ at mpe@surgtabbgc htﬁmbphwgctmasmt(scﬂdgehhydmmemﬁl
[012 I r an el e tro e _Co si,ng a honbgeneous

mi xt ﬁl]roe QP&['&@' %éeqﬁ%renﬁest%engﬁ V& %gmmgg tof}ﬁ'gem ble to wet the
nmesopor oys1 Ly stted hydnestatiat pressureninatheiagtodlaee G0 BétainitheiOby e @deréDsEfilPfand
the desi red heterg@g1 %ua?ﬁéyg £0129 To obtain_a higher content of

het er opol ‘§ART 84 e AWK E f 8mogp %rpéﬁﬁtgﬁ.%hewwqu&l%m ol e kPa.
Such an iTHRNPgEEdPeilinERireetke 4IPS RRSminkE b§ttﬁ‘é3§1téﬁlave]cgﬁéﬂ?iht2%lhl@ghé Rver
nmesoporous crystalline matrix to a vacuum ~and i mersing t

mesopor orEeSEY diHt §qinfdderaappioximately vt the Fticat prepturasefithe £¢ldorming within the

het ergpol%agiads which¥hsiidbhe @ %hl?e&é%@d“ het er opol yaci ds. [0130] After
I mer si ngot he matrix in a so I on containing the heteropol yacid, the

resul ti ndOBIZctAfryhehydipthpenat irsatmesat, thwgslh@d Jbedeft eddrsinig @Sa)mcehlydr@thermal

S5 frckblddPld e Ofhc Sy 1leh bIRBRGEHHES, L fokd HRE AL By By Fre
i mpr egnattcmpﬁratetehﬁnd ﬂmsstqans lalmilt cnmblmutagpaam opar ausmpenititald thterange
Si 02 mat eéveen agoutv%sto Erl{)rr%{ ?%j"d or %o?noelabuc;[uk 99 °8Otcr;r%'|’3<i)1§ti IQ)% °E?Wom about room
20  temperature to about 80 °C, from about 35 °C to about 80 °C, from about room temperature to
about 65 °C, from about 35 °C to about 65 °C, from about room temperature to about 40 °C,
from about 35 °C to about 40 °C or it may also be selected to be about 35 °C or about 40 °C.
[0113] In order to remove the surfactant, the dried gel may then be calcined. The
heteropolyacid/mesoporous matrix electrolyte may for example be calcined in air, oxygen
25  and/or in an air-ozone mixture at a temperature from about 200 to about 700 °C, such as from
about 200 to about 600 °C or about 300 to about 650°C. The calcination may be carried out
for a period of time from about 1 to about 48 hours, such as for instance from about 2 to about
24 hours, or from about 2 to about 12 hours. The heating rate for calcination is between about
1°C/ min to about 5°C/min, or about 1°C/ min, or 2°C/ min, or 3°C/ min, or 4°C/ min, or 5°C/
30 min.
[0114] Calcination can be carried out under an atmosphere of nitrogen and/or oxygen. In
one embodiment calcination is carried out in a first period under a stream of nitrogen and for

a second period under an atmosphere of oxygen. The flow rate of the gas can be between



[0131] In still another aspect, the present invention refers to an

i norgani ¢ proton conducting el ectrolyte conprising a nmesoporous
crystalline netal oxide matrix and a heteropol yacid 20 bound wi thin

t he nesoporous matri x; wherein the inorganic proton conducting

el ectrolyte is obtained or is obtainable by a nmethod descri bed

herein. [0132] There are many possi bl e 2dpplications for high

tenper at WheuiZth Limia Qs abtik BOChITRIL b Modt 40 RE/ RSt significant and
conner0|ally |qﬁ$rtant application will be in the direct alcohol fuel
cel I s. At[04IHi ghha methedsdegerébed hetsin ¢aadhrthds comptigothe steB0O@plying the sol onto

el ectrooxj J . I I | hanol , et hanol. and ot her
i aui o ar kbbb fhatetid A6k b8 nbdl3hasf e el T 30 Borgu OO Rl 8 by
react i on mhétaleguppert.wafibrvandsktbe tshleapghiied ohtoathe afetd]l nidsklor a@dthiSfoam was aged as
practi.cal Qssibl e denmonstrated. in the, experinmental section of
this épp|4e§‘3£?’.‘"§ﬁ!’°¥et fo ‘?’%ﬂaé‘s& [REOTRPTHIEA Wﬁtabmﬁ?%e{ F@Eﬂs Toare GRapropy el
cel l bas&dbﬂmddrqmi@saﬁ@ﬂlg@épofryel s such as ethanol and nethanol with
hi gh perfgmnce and stability. The stability as shown in Figure
20(B) 30 [(Phifl caYigtel dpam 18 Hgnopay & \Pet a rsrusnmistallisy Spde ishiels see j ket selid or
with | ow ; ' tial f ; I . i, gi 0
i i mum PP RS e CPTE I A" Ui fflerpls R lop G o, Blre?27
al cohol fshews s example aenetid wedshpamety aof SEN penttre af g dinodesi.uel cel | s such

as di;pec t-ha C, i i_0 hi,ndered b ery |lo

r Zacltlpont[ﬁﬁr?it irtg)gOJaS;\iﬁ t oﬁ'/bé(ﬁglcl:st% P%%gtlsacl‘ul@k’ |¥5n algg Rl %ﬁ'def\é‘“%ééﬁa%% pf metal
hi gh | oadikig moivdprsediffleerdethay acataicgs s a rddueingicghira@em@ bt Righ temperatures
oLt LR Y R SRR BB B USHRERA AL et

reduce t g thostinghg tenglerdtert lof hantetAtd«@dd) Bw8 ©ARRSIGna IchangéiogRle® oxide to
[0133] By "(ion5| sting of is nmeant i ncl udi n%, and limted to, whatever

fol I ows phPYLOYS 5“’% PEPRAVHsiEHe Withrany, sheprecasrireafoemed obhei poresify offthe
i ndi gat esnetd) dhpgoh@ubitsit&SinS SRMbRAR %%%'121% ﬁgr;%mq&@ga{ %rc)é;bo?{lglapshite,

that no other elenents nmay be present. “conpri si ng

nmeant i nEBJdetagiorsrample; pPriops Ne URPOTY/subgitates ean be nladadtonh NiQupowders by the

"conpri Sipg. DS f m, i.singy . ngy t he
| Tored oPies dHRed 80 8 reddols kAR RINE Aot SR AE SOTL o Baner
are opt i endvolamd redugtian oftéi0 tod¥i ibsbopt 26860t . 10 [0135] The inventions

il lustratd y scribed her.ei suibtably bhe practiced in the
absence mﬁgy Tgl?esﬁieﬁ g? a%qheeﬁgﬂ?g%/rqe? R iOBEheoglefafh‘?%Pf HifsPorfi; metal
speck@i catbsitadios deqmeshishedtalisappoltiisany nhetiodRtaMRlif theldHe It @ieBnbodiment, the
"conpri si qg.", ié\acl u%{\g“ "containing", etc. shall be read .

expansi v&Ty S SREIH {4 PPRRE TRl VingRIPYING (04| OyPressing he priaxih Ress and/or
expressi apstaedplesyed herein have been used as terns of description
and not of limtation, and there is no intention 15 in the use of
such t er F 18hd Tes pretad gresh or petabloam pyiparpus metad gilistrale on perods metabsupport can
features i i ! LUt 11l .
Fecogni zoa r e S8 RSS! e thpiho B PhASRol IEHEAD b, dndbibpy, cobalt, ron,
of t i mapgaresn elver.meebpeThlithiumt rubidivng thelliwng ealstnigum; Hatiuml t datvingt,

the pres i NV I as.;: [ ficall i sclosed by preferre
eboui moagrel st S ?%H‘E‘r %nglﬁg’ﬁggﬁ‘wﬂbatf?”i“é%‘f iql(S‘n" A Fin T ’g?fé?“’
i nvent i odomun,dgdHumhéndiim, hepsten) ghichel, oseidlm)yperihiiit, hebahkgdsdéhily,
those skjlled in the art, and that such nodifications and variations
are cons}ehBF'éIB’ ﬁaﬂtag’g"\ﬂl?bﬁ‘i‘rﬁ’ ’P?llé(ggeé’ﬂ’ﬁ’e allysiof fhe 4%‘?f§’§‘ﬁ‘ﬂtf95‘ﬁ‘.i metpisgd mpphures
i nventi oteltag been descri bed broadly and generically herein. Each of

t he narrower_ speci es and subgeneric groupings falling within the
genew c Hi12e] OE‘D? Porgs i the mplad gpesh or metal foam or porous metal substrate or porous

metal support have a size < 10 um, or between about 1um to about 10 um or between about

2um to about 5 pm, or between about 1 pm to about 4 um, or about 1, 2, 3, 4, 5,6, 7, 8,9, or
10 pm. Such metal-supported electrolytes showed a high mechanical stability.



of the invention. This includes the generic description of the

I nvention with a proviso or 25 negative limtation renoving any
subject matter fromthe genus, regardl ess of whether or -not the
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20 »  providing a mesoporous crystalline metal oxide matrix;
- impregnating the mesoporous crystalline metal oxide matrix with a
heteropolyacid.

[0125] With impregnating it is meant to saturate a mesoporous crystalline metal oxide
matrix as described herein with a heteropolyacid as described herein. It has been

25 | demonstrated herein that such an electrolyte can also be used for fuel cell applications at high
temperatures as indicated above.
[0126] For impregnation any conventional impregnation method known in the art may be
used to prepare the electrolyte. Such methods include incipient wetness, adsorption, vacuum-
assisted impregnation (VIM), deposition and grafting.

30 [0127] If the incipient wetness method is used, for example, a solution containing a
heteropolyacid is first prepared. The matrix to be impregnated may be subjected to pre-drying
at elevated temperatures overnight before impregnation. This drying step helps to remove any

adsorbed moisture from the mesoporous matrix and to fully utilize the mesostructure for
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efficient and uniform impregnation with the heteropolyacid solution. The concentration of the

heteropolyacid solution is prepared according to the desired heteropolyacid loading level. The
wetted support is subsequently left to dry. The drying may be carried out by heating the
wetted matrix.

[0128] In order to form an electrolyte comprising a homogeneous mixture of two or more
heteropolyacids, it is possible to wet the mesoporous crystalline matrix in a mixture
containing two or more of the desired heteropolyacids.

[0129] To obtain a higher content of heteropolyacids a vacuum-assisted impregnation

-(VIM) is carried out. Such an impregnation method comprises the steps of:

- subjecting the mesoporous crystalline matrix to a vacuum; and

- immersing the mesoporous crystalline matrix in a solution comprising the
heteropolyacids or mixture of different heteropolyacids.

[0130] Adfter immersing the matrix in a solution containing the heteropolyacid, the resulting

electrolyte can be cleaned, washed, dried and stored, A schematic illustration of this

procedure is illustrated in Figure 24. In the example, illustrated in Figure 24 the vacuum

assisted impregnation method was carried out using a mesoporous crystalline $i0, matrix

which was immersed in a solution comprising HPW.

(0131] In still another aspect, the present invention refers to an inorganic proton conducting

electrolyte comprising a mesoporous crystalline metal oxide matrix and a heteropolyacid

bound within the mesoporous matrix; wherein the inorganic proton conducting electrolyte is

obtained or is obtainable by a method described herein.

[0132] There are many possible applications for high temperature proton conducting

_ materials. The most significant and commercially important application will be in the direct

alcohol fuel cells. At a high temperature of between about 200 to 300°C, the electrooxidation
reaction kinetics for methanol, ethanol and other liquid alcohol fuels will be significantly
enhanced and this enhanced reaction kinetics would make the direct alcohol fuel cells
practically possible. As demonstrated in the experimental section of this application, it is
possible to develop a practical alcohol fuel cell based on liquid alcohol fuels such as ethanol
and methanol with high performance and stability. The stability as shown in Figure 20(B)
indicates that the catalyst poisoning problems associated with low temperature direct alcohol
fuel cells would be negligible or minimum. This substantially improves the durability of the
direct alcohol fuel cells. The development of direct alcohol fuel cells such as direct ethanol

tuel cells is seriously hindered by very low reaction kinetics and low electrocatalytic activity
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narrower species and subgeneric groupings falling within the generic disclosure also form part
of the invention. This includes the generic description of the invention with a proviso or
25  negative limitation removing any subject matter from the genus, regardless of whether or not
the excised material is specifically recited herein. |
[0137] Other embodiments are within the following claims and non-limiting examples. In
addition, where features or aspects of the invention are described in terms of Markush groups,
those skilled in the art will recognize that the invention is also thereby described in terms of

30  any individual member or subgroup of members of the Markush group.

EXAMPLES
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[0141] A mesoporous HPW/silica inorganic electrolyte proton exchange membrane (PEM)
was prepared from the mesoporous HPW/silica composite powder using polyimide (PI)
adhesive. Polyimide powder (16 wt%) mixed with n-methyl pyrrolidone was mixed
25  thoroughly with HPW/silica composite powder in an agate pestle mortar for 1 h. This mixture
was dried at 180°C for 2 h. The dried powder was then hot-pressed in a single-ended
compaction stainless-steel die (5 cm diameter) under conditions of 380°C and 30 MPa for 30

min. The obtained HPW/silica nanocomposite electrolyte membrane discs were translucent.



typical type IV curves with a sharp capillary condensation step at

rel ative pressure (P/Po) of about 0.6, as shown in Figure 3,
suggesting a very narrow pore size distribution. The hysteresis |oop
is very close to H type, inplying uniformecylindrical pore geonetry.
The pore size (main graph of Figure 3) calculated fromthe adsorption
data using the BJH nodel is 30 in the r2nge of 3.2 - 3.5 nm Table 2
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the pores of mesoporous silica before the aqueous of HPW solution was added. Then the an
10 aqueous HPW solution was introduced into the mesopores of the mesoporous silica matrix
under vacuum. For these methods heteropolyacids can be dissolved in solvents also used for
the sol-gel methods, i.e. alcohols and water. The vacuum assisted impregnation can be carried
out for between about 5 h to about 48. In general, the method is carried out at room
temperature. Compared with the conventional impregnation method (CIM) under ambient
15  pressure, much more heteropolyacid molecules can be assembled into the nanochannels of
mesoporous materials and form continuous proton channel by vacuum impregnated method.
In one embodiment of HPW/silica with bicontinues 3D Ia3d mesoporous structure, the weight
content of HPW in the nanocomposites was as high as 75wt%. For example, the conductivity
of HPW-MCM41 (one commercially available mesoporous silica) prepared by vacuum
20  assisted impregnation method (VIM) with 25wt.% HPW was in the range of 1.8x10™ to 4x10°
?S/cm under 100% RH. The preliminary performance of PEMFC assembled with 25wt%
HPW/silica inorganic proton conducting membrane prepared by VIM as electrolyte shows a
maximum power density 95 mW/cm? at 100°C and 100% relative humidity.
[0143] Structure characterization, surface and stability of mesoporous HPWisilica
25  inorganic electrolyte proton exchange membrane
[0144] Transmission electron microscopy (TEM) - TEM images were taken with a high
resolution TEM (JEM-2010FEF) at 200 kV. Figure 1 displays the high resolution TEM
images of the mesoporous HPW/silica inorganic electrolyte proton exchange membrane with
various HPW contents from 10 wt% to 35 wt%. The results exhibit uniform mesoporous
30  arrays with long-range order when HPW content in the complex is lower than 25 wt%. The
distance between silica arrays (pore diameter) of these samples is about 3 ~ 4 nm. However,
further increase of HPW content could affect the ordered silica mesoporous structure. When

the HPW content in the composite increased to 35%, the structure becomes disordered and
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well-ordered mesoporous structure starts to collapse (Figure 1d). The maximum content of

heteropolyacid at which the mesoporous matrix structure collaps can differ depending on the
material used for the manufacture of the mesoporous matrix.

[0145] XRD & surface area - Small-angle X-ray diffraction (SAXRD) patterns of
HPW/silica composite were recorded on a Rigaku D/MAX-RB diffractometer with a CuKa
radiation operating at 40 kV, 50mA. Nitrogen adsorption-desorption data were measured with
a Quantachrome Autosorb-1 analyzer at 77K. Prior to the surface area measurement, the
samples were degassed at 200°C for at least 3 h. The surface area was calculated by the
Brunauer-Emmett-Teller (BET) method. The pore-size distribution was derived from the
adsorption curve of the isotherms using the Barrett-Joyner-Halenda (BJH) method.

[0146] Figure 2 shows small-angle XRD (SAXRD) patterns of the mesoporous HPW/silica

composite. The results of samples with HPW content of 10 - 25 wt% presents well-resolved

diffraction peaks with d-spacing ratios of 1:\[3:2 at 20 angle of 1.3 ~ 1.5°, which can be
indexed as the (100) reflections of typical 2-D hexagonal mesostructure and demonstrates the
long-range arrangement of TEM results. Further calculation of the arrangement cell
parameters, o, was based on the equation that a = 2d(100)/3"? and the results for 10%, 15%
and 25% are 9.6, 9.8 and 9.9 nm. The consistence of the cell parameters () in spite of the
HPW content increase suggests that the mesoporous structure formation is mostly controlled
by the reaction of silica during the hydrolysis reaction, and aggregation of HPW molecules in
the HPW/S10, composite does not occur during the synthesis process. When HPW content in
the HPW/S10; composite increased to 35 wt%, shrinkage of the diffraction peak (100) of
about 50% is observed. At the same time, the diffractions slightly shift to the high angles,
suggesting the degradation of the ordered mesostructure, consistent with the TEM
investigations.

[0147] N, adsorption-desorption isotherms of mesoporous HPW/SiO; composites show
typical type IV curves with a sharp capillary condensation step at relative pressure (P/Pg) of
about 0.6, as shown in Figure 3, suggesting a very narrow pore size distribution. The
hysteresis loop is very close to HI type, implying uniform cylindrical pore geometry. The
pore size (main graph of Figure 3) calculated from the adsorption data using the BJH model is
in the range of 3.2 ~ 3.5 nm. Table 2 presents the parameters of the mesoporous HPW/silica
nanocomposite calculated from the SAXRD and N, adsorption-desorption isotherms. The
d(100) spacing measured by SAXRD is also given in the Table. The wall thickness of the

mesopores calculated from the pore size and unit cell (thickness = a — pore size, where a is
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10 [0148] Stability - Application of heteropolyacid as electrolyte material is considered to be
limited due to the inherent solubility of HPA in water. The stability or bleeding of HPW in the
mesoporous HPW/silica electrolyte membrane was investigated by immersing the sample in
500 mL DI water, The water was refreshed every 24 hrs. Ion exchange capacity (IEC) of the
mesoporous HPW/silica electrolyte membrane was determined by titration. Membrane

15  samples were soaked in 50 mL of 1M NaCl aqueous solution for 24 h, and then titrated with
0.01 M NaOH solution.

[0149] Figure 4 reveals the ionic exchange capacity (IEC in meg/g) loss of mesoporous
HPW/Si0; inorganic membranes with various HPW content ((A) 15 wt% HPW; (B) 20 wi%
HPW; (C) 25 wt% HPW; (D) 35 wt% HPW). As a comparison, HPW-Si0O, complex prepared

20 by direct mixing and sintering of 25 wt% HPW and 75 wt% Silica (E) was also tested in the
investigation. The result displayed a rapid HPW loss of the direct mixed HPW/silica
composites. However, the mesoporous HPW-Si0, inorganic electrolyte membranes is rather
stable in the solution. For the samples of HPW content lower than 25 wt%, the HPW
molecule is very stable and the IEC value can maintain higher than 0.1 meq/g. The results

25  also demonstrated the stability of HPW molecules is very much related to the degree of the
order of the mesoporous structure. For the mesoporous HPW-Si0, with HPW content of 35
wt%, the IEC loss rate is much higher than the other three samples because the destruction of
the ordered mesoporous structure.

[0150] Thermal stability of mesoporous metal matrix - In a further experiment the thermal
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35 of the well-known Nafion® polymer electrolyte, promoting the proton conductivity.
Compared to condensed materials, the nanostructured conducting channel permit the

impregnation and exchange of hydrated H" ions, enhancing the proton transfer.



[0161] A HPWsilica nesoporous electrolyte is based on SBA-15
structure and has a 2-D continuous channel. However, the nesoporous
silica can be formatted to various ordered structure such as

t wo- di nensi onal 2D hexagonal structure (SBA-15, SBA-8, MCM 41 and
KSW2, etc.), three-dinensional (3D) hexagonal structure (SBA-16,

FDU- 1, FDU-2 and 5 SBA-2, etc.), and bi3donti nuous cubic 3D structure
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studied under various temperatures and humidity conditions by four-probe electrochemical

impedance measurements. The duration of the test was ~50 hrs and the results are shown in
20  Figure 16 and 17.
[0159] The stability of the electrolyte proton conductivity is an important parameter for fuel
cells. At this stage it is not practical to test tﬁe fuel cell stability at high temperatures as the
fuel cell stability depends not only on the stability of the electrolyte conductivity but also on
the stability of the electrocatalysts for the fuel cell reactions at high temperatures. The
25 stability test results on the HPW/silica mesoporous electrolyte in the temperature range of 40 -
130°C indicate that the mesoporous HPW/silica electrolyte is structurally stable and HPW
molecules trapped inside the mesoporous structure are stable under fuel cell operation
temperatures. The reduced conductivity at 130°C is simply due to the significant reduction in
relative humidity (RH=18% in this case). To maintain high RH at temperatures above 100°C,
30  pressurized test station can be used. The test station used herein is for normal atmosphere use.
The conductivity of about 0.02 S/cm at 130°C (Figure 17) is a good value for fuel cell
applications.

[0160] A heteropolyacid/metal matrix electrolyte with different mesostructures
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[0161] A HPW/silica mesoporous electrolyte is based on SBA-15 structure and has a 2-D

continuous channel. However, the mesoporous silica can be formatted to various ordered
structure such as two-dimensional 2D hexagonal structure (SBA-15, SBA-8, MCM-41 and
KSW-2, etc.), three-dimensional (3D) hexagonal structure (SBA-16, FDU-1, FDU-2 and
SBA-2, etc.), and bicontinuous cubic 3D structure (KIT-6, FDU-5, AMS-10 AND MCM-48,
etc.). The increase of topological curvatures of the mesoporous structure may imiprove and
enhance the nanochannel connection and transportation of protons between the close-packing
particles of HPW/silica nanocomposites when used as PEM for fuel cells.

[0162] HPW/mesoporous silica electrolyte with structures of p6mm, im3m, fm3m, ia3d
(Figure 11) and lamellar have been manufactured through the self-assembly processes. In one
embodiment, the 3D mesoporous structures were synthesized via a hydrothermal method. In
this method, pluronic surfactant P123 or F127 or F108 was dissolved in distilled water and
hydrochloric acid (37 wt %). After complete dissolution, butanol is added to the solution and
the temperature was maintained at 45 °C. TEOS or HPW/TEOS was added after 1 h of
stirring, then the solution mixture was put into a polypropylene bottle and closed (which will
produced a positive pressure due to the evaporation of the solvent inside the bottle). The
mixture was further stirred vigorously at 45°C for 24 h. The stirring speed was 400 rpm.
Subsequently, the solution mixture was aged at 100 "C for 24 h under static conditions. Table
3 defines the compositions of surfactant, TEOS and other precursors for the preparation of
HPWr/silica with selected structures. The molar ratio and weight percentage of HPW/silica
mesoporous membranes follow the same calculation as shown in Table 1.

[0163] Table 3. Compositions of surfactant, TEOS and other precursors for the preparation

of HPW/silica with selected 3D mesoporous matrix.

Reagents HPW(g) | Butanol(g) P123(g) TEOS(g) HCl(g) | H,O(g)
Bicontinuous
3D structure x 4 4 8.6 7.9 144
(Im3d)
Samples HPW(g) | Butanol(g) F127(g) TEOS(g) HCl(g) | H,O(g)
Cubic-center
3D structure X 9 3 14.2 5.94 144
(Im3m)
Samples HPW(g) | Butanol(g) F127(g) TEOS(g) HCl(g) | H.O(g)
Face-center
3D structure x 0 3 144 6.3 144
(Fm3m)

[0164]  As the SAXS and N, adsorption/desorption isotherms shown in Figure 12, The
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pémn electrolyte have a typical 2D continues channels which facilitate proton transportation

through the nanochannel pathway. The structure im3m has a body-centered three-dimensional
(3D) hexagonal structure with symmetrical packing spherical cages and the Fm3m structure
has a face-centered 3D hexagonal structure that might preserve the inherent HPW more
stronéiy and improve the durability of the electrolyte conductivity. From the Ns
adsorption/desorption isotherms, constricted cylindrical pore can be clearly observed.
Desorption from the cavity is delayed until the vapor pressure is reduced below the
equilibrium desorption pressure from the pore windows. A HPWisilica electrolyte with
bicontinuous cubic la3d structure has also been synthesized. By adjusting the phase
separation and surface tension of the colloidal solutions as described above (different
surfactant or different concentration ratio), the minimal surface of the silica divides the space
into two enantiomeric separated 3D helical pore systems, forming a cubic bicontinuous
structure. The resultant electrolyte with the 3D bicontinuous mesochannels shows type-IV
sorption isotherms and a narrow pore size distribution. Disordered micropores with diameters
of 1 ~ 2 nm are found to form interconnections between two main chanmnels. In this case, the
ordered proton tranéportation channels are connected so that the proton can be fransferred in
the electrolyte more freely.

[0165] Typical morphologies of the HPW/silica electrolyte with different mesostructures
are displayed in Figure 13. The results are very consistent with that of the SAXS and the N,
adsorption/desorption isotherms. For the p6mm mesoporous electrolyte, the microstructures
are hexagonally close packed with cylindrical pore channels consistent with the pémm space
group. The diffraction spots of the sample also demonstrated the 2D hexagonal mesostructure
with standard patterns. The particle size of the pémm HPW/silica mesoporous composite can
also be controlled to construct close-packed electrolyte membrane for fuel cells. During the
structure evolution, the polymerization of the silica molecules is prevented and this is
indicated by the hexagonal profiles of the mesoporous particles observed from the TEM.
Characteristic morphologies of the 3D electrolyte are also demonstrated by the TEM results.
For the lamellar electrolyte, only layer to layer structure is found in the TEM profiles.

[0166] Nanochannels in the HPW/silica mesoporous electrolyte are displayed in Figure 14.
With the change of electrolyte microstructures, the nanochannels of the electrolyte, namely
the proton transportation pathways, are changed from a 2D hexagonal mesostructure to three-
dimensional hexagonal structure and bicontinnous cubic Ia3d structure. The 2D hexagonal

channels have pathway diameter of about 8 ~ 10 nm with the silica framework thickness of
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[0171] Performance of cells based on a mesoporous heteropolyacid-silica mesoporous



10 structures is shows in Figure 15. The conductivity nmeasurenent

i ndi cates that mesoporous HPWsilica with 3D structure shows high
proton conductivity as conpared to that of the 2D structure. [0168]
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25t enperatures. This indicates the elimnation or negligible

poi soning effect of the al cohol reaction on the Pt black catal ysts.

The results denonstrated feasibility of direct alcohol fuel cells

based on a high tenperature HPWsilica proton conducting

nanoconposi te nmenbrane. [0174] In a further experinment, a
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CLAI 1. An morga({u cwﬁ%oton conducting el ectrolyte consisting of a
mesopor otfEeTEPly dneified. fawie il Wowasianreanated inia dnegopmseis Shirsl Matok dyboown-

Wi t hin tgggisfgasﬂ?%@gﬁmr}ﬁétﬁwg, 5wherein the inorganic proton
conducting electrolyte is obtained by a nmethod conpri sing:



providing a first solution conprising a heteropolyacid and at | east
one organonetallic precursor; adding a surfactant to the first
solution to obtain a sol; 10 aging the sol to obtain a gel; and
calcining the m xture. 2. The inorgani ¢ proton conducting electrolyte
according to claim1l1, wherein the nesoporous netal oxide matrix is
sel ected fromthe group consisting éLAIMBsoporous 15crystalline
silica matrix, a nesoporous crystalline silica-alumnate matri x and a
mesoporous crystalline zeolite matrix. 3. The inorganic proton

conduct i nq, ehgachbRlapicepReaPbidetit® clb@b el cisisting WTed @hdlopdius crystalline
structure of the inorganic electrolyte iS stable at tenperatures up

to 650C. 20 metalmxidearajeiki andpeokederopolyacié t howmdevdbinr dioy nesepousd inmgix,
to aiml or,2 or wherein the inorgani c proton conducti.on

el ectrolyt e Pelrlhats A" plote | BRHERREC PR GT SR S0 kit Pysa, meippd
i norgani ¢ predmprisi@nducting el ectrolyte according to any one of the
precedi ng cl ai s, wherein the nesoporous crystalline netal oxide
matri x conpri s@$0EdREs @sthirtic soluton exmprsing ot t hbpropelyatiths hich 9tn leagle one

range of betwe am 6. The inorganic proton
T

conducting ele ing to claimb5, wherein the 30nmesoporous
crystal |l i ne netadlingx suefacrabtrtb xhepsdlaes @ ovesiostslicture with at

| east one dinmension in the range of between about 3 to 10 iun. 41

cl aths, wherti feEdbanerlds shdMAEs ®@ound in the crystalline netal

oxi de natrix,angﬁgn?ﬁwugaﬁﬁ&one structure which is selected fromthe
group consisting o e Keggin structure, the Silverton structure,

t he Dawson structure, the Waugh structure, and the Anderson

structure., 8., The inorganic proton conducting el ectrolyte accordin

Lo claim 7 WRErBREAERoDRUTE RO aE  oNRE e 4 PERmt v pars the

H3MX12040( ) inesoporous metal oxide matrix is selected from the group consisting of a mesoporous
15 crystalline silica matrix, a mesoporous crystalline silica-aluminate matrix and a

mesoporous crystalline zeolite matrix.

3. The inorganic proton conducting electrolyte according to claim 1 or 2, wherein the
structure of the inorganic electrolyte is stable at temperatures up to 650°C.
20
4. The inorganic proton conduction electrolyte according to claim 1 or 2 or 3, wherein
the inorganic proton conduction electrolyte is functional up to a temperature of about

600°C.

25 5. The inorganic proton conducting electrolyte according to any one of the preceding
claims, wherein the mesoporous crystalline metal oxide matrix comprises a

mesostructure with at least one dimension in the range of between about 2 to 50 nm.
6. The inorganic proton conducting electrolyte according to claim 5, whercin the
30 mesoporous crystalline metal oxide matrix comprises a mesostructure with at least one

dimension in the range of between about 3 to 10 nm.

7. The inorganic proton conducting electrolyte according to any one of the preceding



wherein Mis the central atomwhich is either Por Si or Ge or As; X
is the heteroatomwhich is either V or Wor M. 159. The inorganic
proton conducting el ectrolyte according to claim7, wherein the
het er opol yacid has the general formula, (I1): CSzH3-zMX12040(11);
20wherein Mis the central atomwhich 15 either P or Si or Ge or As;

X i's the het elnmag grhevdin e heterepalinid Yowrd Wtbe ciystallinednetal axide @B adopts

The i norganic praton conducti el ectrol.yte according to an e .
cl'ai m 1 anaiaeg §F SRETHRE B heriierRa EonotRobbhe shS Rl of MrRgeen
matrix is selfehad fhe®iveAen SireitReOfhcTBivon sERBRHS thdWaRhh SirhétGRNand the
titanium phosphor, antinony, cobal t, iron, manganese, silver,

copper, pot adsflergen stiust@ieum thal lium sodium al um nium barium

cal cg um beryllium magnesium nickel, palladium strontium tin,
vanadi um zinc, boron, 30 chromum gallium indium tungsten,
yttrium er Thening@amanpiomn cohdi@fihg ndle@RIEBI Abdbrdigd tolr dlaim 7 ankabidMhe
ni obi um and_ nol ybdenum rheniu praseodym um neodym um samarium
eur opi eum  hbeteiopadyagid das ﬂmgeﬁ@fg}nﬁ@ﬁwat@ﬁi um pl utoni um neptuni um

| ant hanum and strontium 42 11. The inorganic proton conducting

el ectrolyte according to any one of clains 1 and 3 to 10, wherein the
nmetal oxide is selected fromthe HpMXpOgpnsi sti n@;of silicon dioxide
(Si02), titaniumdioxide (Ti02), antinony tetroxide (Sh204),
cobalt(Il,I11) oxide 5 (Co304), iron(ll,I111) oxide (Fe304),
manganese( | | whlld, oxi de (M304), silver(l,111) oxide (Ag0), copper(l)
oxi de (Cu20), potassium oxide (K20), rubidiumoxide (Rb20), silver(l)
oxi de (Ag20) M sl ¢dntral arindehiCT sxGther Bloufi oni Geprmdmoxi de (A10), barium
oxi de (BaO), heryl.lium oxide (Be adg,um oxi de (CdO), cal cium

oxi de (a0 XosnierstrpSiitieh by F2eTar M) “oxt de L cuty. i ron(i1)
oxi de (FeO), magnesium 10 oxide (MJO, nickel (11) oxide (N O,

pal | adi un(| I% oxi de (Pd0), strontiumoxide (Sr0), tin(ll) oxide
(Snd, ti tSanTher(ineganizi protquTicopducting aeledirelyte ) agsriding (¥/Q)lainy 7 cwisttiglethe
(Zn0), al um pj I 0 i trioxide (Sb203), phosphorus
trioxide (P4E%§i{ppp 8%%%%&(%%3% peerﬁf@i]%ng!eﬂ{%ZOS) , rheniumtrioxide
(Re03), rheniumVII) oxide (Reza?), praseodym un(lV) oxide), (Pr02),
di praseodym um 15 tri oxi de (Pr203), neodynum oxi de (Nd203)
samarium(111) oxide (Sn203), europi eufrsdki-NERel ni un(1 11 Msxi de
(Ho203), thorium dioxide (Th02), uranium dioxide (UQ), uranium
trioxide (UG3), barium oxide (BaO, plutonium dioxide (Pu02),

nept@ni um di ekew®m (Np02), | anthanun(l11) oxide (La203), strontium

oxide (Sr0),,poron oxide (B203), chrom un(! | oxi de (Cr203),

gal |'i ugw(l | ?) B?itgf‘ece(néégﬁgﬁ“’ ?Srf‘d‘ihﬁ'fr?]PF%% i)“v‘B}éAEﬂ n2(()3), i Zon(l 1)
oxi de (Fe203X,is Hieatedrbathin)witidh fithd YQ3)W ot Ba); laham(111)  oxi de
(T1203), titaniun(ll1) oxide (Ti203), tungsten(lll) oxide (W03),
vanadi um( 1 | 1 ¥ isdkicde<3.v203), yttriunm(l11) oxide (Y203), ceriun(lV)
oxi de (Ce02), chromun(lV) oxide (Cr02), germani um di oxi de (CGe02),
manganese( V) oxide (M02), ruthenium(lV) oxide (Ru02), selenium

di 03§ de ( G80Zhe iroSddnits protorciondiictirg2Bedt 5882 hecokdife € O} 6t dFHMIR .1 and 3 to
tungsten(lV) oxide (W2), vanadiun(lV) oxide (V02),. zirconium dioxide

(zr02), anti Powierparihexictd of Sspmssoporius Fiddeh gFede BRdds selggied fram the group
co ek . oy . Nt
0a09) ot y el RTRah G hop b ik Rbonol W MR SobefhalE manganese

tel [ urium tr sibxt,deppégGd)assiut gshiiund, rthalktiohe s¢IMD) alunminad) eseipnd, lchlcium,
oxi de (I\/h207%, ?sm um tetroxide, (0s04),. ) ) . .

eryllium, magnestum, nickel, palladium, strontium, tin, vanadium, zinc, borom,

30 chromium, gallium, indium, tungsten, yitrium, cerium, germanium, ruthenium,

selenium, tellurium, tantalum, niobium, and molybdenum, rhenium, praseodymium,

neodymium, samarium, europieum, holmium, thorium, uranium, barium, plutonium,

neptunium, lanthanum, and strontium.



30and rutheniumtetroxide (Rua. 43 13H20, eroionite

Ca. 45( A19Si 27072) 27H20, nordenite Na(AlSi 5012) 3H20,
chinoptilolite,faujasite(Na2, Ca)30( (AL, Si)1920384).260H20, phillipsite
(K, Na) 5(A15Si 11032) - 10H20, zeol i t eA(Nal1l2A112Si 12048), zeolite L
K6Na3A19Si 2707221H20, Zeolite Y, zeoli X Na20- Al 203-2.5Si 02 or
ZSM5 5NanAl nSi 96019216H20 (0<n<27) 13. The inorganic proton

conductin ctro cordln erein the C

conpr | ses 4 REEBEL RS BRI e AN e RS it T it o
acid (HPW boginghatinhhg ridifl JBE&ORNeRidedChNa B kidt @nSidifBbf smeonl@lomde
14. A fuel cell conprising an inorgani ¢ proton conducting electrolyte

accor di ng t o(3Ry). difenigm diagiides (1iQep agimony tetroxides (SyGuperoted(ILI) oxide
di t t
et 10l o AT S eI SRl sy

net hod of maoxiiacAp0), ra:gppen(ib aﬂﬁg@@u@)ppcﬁhssmn@omidaﬂqm)g redi¢iatr odidd @b, 0),

conpri sing: providi n% sol utian conBrl sing a heterog‘gléam d
and at | east SiBisEILPY ﬁd&@@‘a} |th@:1hbmee>mi§éﬂ 20 HEIHEMAM N HdE (AKY), barium

the first solyhi Eﬂa@%?),xl%la 1@_\1& @x@g'_(laer(aggdﬁet ‘%ng%xﬁf%' gdéﬁbf%@iug] 3x g/ fgaO)

and calcining t acco g to
V\/ner ei n the egjafifiIsbegei (lﬁi@l())d@sppeeﬁlbi mvg'dci EuSn| irquBS:emkp()Fm)e ma(gtnesmm

hea {191 he 5She Tt STREIGN LS A5 BT s O

claim 16, whenehnikdg Sde CRITRY hlsa%ﬁlrﬁ(l If)Lthﬂ};e(Tléﬁ' GhnadRL) BQﬁieW@Och
according to claim18, wherein the nolar ratio of the organometall

oxide (Zn0), aluminium oxide (AlLQOs), antimony trioxide (Sbo0Os), phosphorus

trioxide (P4Og), phosphorous pentoxide (P20s), rhenium trioxide (ReOs),

rhentum(VII} oxide (ReyOq), praseodymium(IV) oxide), (Pr0O,), dipraseodymium

15 trioxide (Pr;03), neodynum oxide (Nd;Os), samarium(Ill) oxide (Smy0s),

europieum oxide, holmium(IIl) oxide (Ho,Os), thorium dioxide (ThO,), uranium

dioxide (UQO,), uranium trioxide (UOs), barium oxide (BaO), plutonium dioxide

(Pu0y,), neptunium dioxide (NpO,), lanthanum(Il) oxide (La,Os3), strontium oxide

(Sr0O), boron oxide (B20;), chromium(IIT) oxide (Cr,0s), gallium(Il) oxide (Ga:03),

20 indium(IIl) oxide (InxO3), iron(Ill) oxide (Fe;O3), nickel(Ill} oxide (NixOs),

thallium(IIl) oxide (TLOs), titanitum(Ill) oxide (Ti,O3), tungsten(Ill) oxide (W,0s3),

vanadium(IIl) oxide (V20;), yttrium(IIl) oxide (Y,03), cerium(IV) oxide (CeOs),

chromium(IV) oxide (CrO;), germanium dioxide (GeQs), manganese(IV) oxide

(MnQO»), ruthenium(IV) oxide (RuQ,), selenium dioxide (SeQz), tellurium dioxide

25 (TeOs), tin dioxide (Sn0»), tungsten(IV) oxide (WO,), vanadium(IV) oxide (VO,),

zirconium dioxide (ZrO,), antimony pentoxide (Sb2Os), niobium pentoxide, tantalum

pentoxide (TaxOs), vanadium(V) oxide (V20s), chromium trioxide (CrOs),

molybdenum(V]) oxide (MoO3), selenium trioxide (SeQs), tellurium trioxide (TeOs),

tungsten trioxide (WQO3), manganese(VII) oxide (Mn,0O7), osmium tetroxide (OsOy),

30 and ruthenium tetroxide (RuQs).

12. The mnorganic proton conducting electrolyte according to any one of claims 2 to 9,

wherein the zeolite is selected from the group consisting of chabazite Cay(ALSi5014)



precursor to the acid is between about 100/1 to 5/1. 44 selected
fromthe group consisting of silicon alkoxides, titanium al koxi des,

al um ni um al koxi des, zirconium al koxi des, titanium al koxi des,

tungst en al koxi des, gernmani um al koxi de i ndi um al koxi des and

m xtures thereof 521. The nethod according to any one of clains 18 or
19, wherein tI3éheki droionitsel CasEdoFirZ®mit hd7drQupnennsitest Nagh18f0mE) 31,0,

HNCG3, H2SO4, HBr, ..HC104, I—%(II]—J CI—B(@—( j xt ures eof e

22. The net %@“%@85&81 ng tB8Y&MF one 2’5?@&@’%’%1”0 38"1%2%32 1, wiRbHHpsite

t he cal ci nat '({%gjabg?%ﬂjgﬁﬁbfzj@@ﬂgu’t at z@liteenpenat ur enehbA8RAY0,300C tz%_b%iteL
: e

about 650 C. met hod according to any one of clains 16 or

to 21, wher eKeNpstdoBuPpragttatd, iZsokiel act eeplite ok tho-dgrldlp2 S8 guri M-S
of hot eri ¢;.sur.act-ant.S inaniLg~surfactants, cationic surfactants,
nonﬁgﬁic surﬁ%ﬁ%%%ﬁ%léﬁdﬁﬁﬁgﬂﬁggggphereof 15 24. The nethod according
to claim 23, wherein the anionic surfactant can be selected fromthe
group consisting of sodi um dodecyl, sulfate (SDS),  sodium pentane

sul f onat e,13d &R dROEABICT Brofey gongiciag| ¢ledidyis| according) tet Hgim dstwherein the
ium | f Gl f i .
Fauret h sur f aearSie BBl RSk B bl SIOPplh: Shd, B ngstic acid

and m xt ur es(HP®D) eofin®withihithe metdymtowmarytdlimgSin nedtdx.m 23, wherein
sai d nonionic surfactant is selected fromthe group consisting of
pol vaxaners, al kyl poly(ethyl ene oxide), diethylene glycol nonohexyl
ether, copal XNRfeh ol cPAbMERE ! BHRR% gsaona&%ﬁamg( BEQRMNE R AUirdEad: any
25 hexaet hyl ene gl ycol nohexadecyl ether, al kyl “pol ygl'ucosi des,
di gi t oni n, ethydieglangllytodl3. nonodecyl et her, cocanmi de MBA, cocani de
DEA, cocarnide TEA, fatty alcohols, sorbitan esters, oligoneric alkyl
pol y(et hyl ene oxi des), al kyl -phenol pol y(ethyl ene oxi des) and
m xtures tiepenie] 3R GecokiRg®t flQEh a4 C Qhdicnd tHOfifell REM 0H3ratddhAr £ kdineddtlre
noni oni ¢ surfactant is a pol oaxamer or a m xture of different
pol baxaner s. betasenp ghout peomptatsaataiedo BlPHPOPY .cl ai m 23, wherein said
cationic surfactant is selected fromthe group consisting of
oct adecyl tri nmet hyl anmoni um brom de (ODTMABr), cetyl trinmethyl amoni um
br on} de (d(IBAB. )metﬁﬂ‘lﬂeﬁmgﬁ(ﬁfambdi)lgrﬁﬁ h?oh’@iﬂiﬂ)prbh i ltﬂﬂdbh@llm't?ﬂl'g,eléitrolyte, C(()mprising:
cetyl pyridiniumchloride (CPC), polyethoxylated tallow am n P ,
hexadecyl t ri hret B 3#R6Enf U f%-ﬁ&WHEhé?ﬁﬂF@W@t@,%§€H§§%@6Wi@ﬁgcﬁqggégé”w
(BAQ) , benzethoqﬁ%gbﬁghgﬁé cB4T) . alkyltrinethyl quaternary
ammoni um surfactants, gemni surfactants, bol af orm surfactants,
tri2headgr oup catidinpiacsustactfustad almt Srst $odwtrmhite abitpiaipolr i gi d bol af or m
surfactants, 3-aninogrqﬁ¥lt£inethq&yﬁilane (APS), N

. agmg the solto obtam a gel; an

«  calcining the mixture.
17. The method according to claim 16, wherein the aging step includes leaving the sol to
25 evaporate, or heating the sol at a temperature between about 80 to about 150°C at a
pressure above atmospheric pressure,

18. The method according to claim 16, wherein the sol comprises a further acid.

30 19. The method according to claim 18, wherein the molar ratio of the organometallic

precursor to the acid is between about 100/1 to 5/1.

20. The method according to claim 16, wherein the organometallic precursor can be



10t ri met hoxyl sil yl propyl -N, N, N'-tri net hyl am noni um ( TMAPS) and

m xtures thereof 29. The nethod according to claim23, wherein said
anphoteric surfactant is selected fromthe group consisting of

dodecyl betaine, sodium 2, 3-di nercapt o%){)opanesul f onat e nonohydr at e,
dodecyl di net hyl am ne oxi de, cocam dopfopyl betaine, 3-[N N 15

di met hyl ( 3- psdledtedoirparthe g psistingriicilicon epanisies) titamamelkaxades, dmpingum

gl yci nate ang]kn‘i ne

xtures therepf . ....The t.hod .accordi Lo any o
o'l arme. Tooprlss rARoRRY AR bxdes el AfSHIR) SRERRER ARG R At
to the organgiekigbd, i GdRIEALSEOEs dnd thikBuréDthedesf bet ween about 0.5 to
about 2010. 31. The nethod according to any one of clains 16 or 17 to

30, wherein the sol is applied to a support material before aging

whi is I r 1St fio@ v

el poob BRI P SREDRIALENG 1P LR T380 s BIEL o
The met hod atteagrdipmgotsistiop ad fIRIGIL HNODr18iS0,; BSrsHiC10s MPPDHE CHCOOH and
netal nesh or netal foam or porous netal substrate or porous netal
support by spidyieaghessotor essing. 33. The nethod according to claim 31
or 32, wherein the netal nesh or nmetal foamor 30 porous netal
substrate or porous netal support is made of a material selected from
t he group 22oiib¢ steihog awtordirteatni anmonantfichainy 16 cobalte 21 wherginntha galoisigon is

silyer, copper,.qlhithiu rubi dium thalljum al umnium barium
ool UF i Do tird Srdgrmnstee et D BlagdubS it one i am 11 .
vanadi um zinc, bisnmuth, boron, chromum gallium 46 indium
tungsten, yttrium cerium gernmanium ruthenium selenium tellurium
tant al um 23 Shé methadodopbrdénaite anl dnsyes ddimsHé af 16t erdntihenenl thresuafagtant is
and m xtur essetlgc < ?rfom the group consisting of amphoteric surfactants, anionic surfactants,
cationic surfactants, nonionic surfactants and mixtures thereof,
15
24. The method according to claim 23, wherein the anionic surfactant can be selected
from the group consisting of sodium dodecyl sulfate (SDS), sodium pentane sulfonate,
dehydrocholic acid, glycolithocholic acid ethyl ester, ammonium lauryl sulfate and
other alkyl sulfate salts, sodium laureth sulfate, alkyl benzene sulfonate, soaps, fatty

20 acid salts and mixtures thereof

25. The method according to claim 23, wherein said nonionic surfactant is selected from
the group consisting of poloaxamers, alkyl poly(ethylene oxide), diethylene glycol
monohexyl ether, copolymers of poly(ethylene oxide) and poly(propylene oxide),

25 hexaethylene glycol monohexadecyl ether, alkyl polyglucosides, digitonin, ethylene
glycol monodecyl ether, cocamide MEA, cocamide DEA, cocamide TEA, fatty
alcohols, sorbitan esters, oligomeric alkyl poly(ethylene oxides), alkyl-phenol

poly(ethylene oxides) and mixtures thereof.

30 26. The method according to claim 23, wherein said nonionic surfactant is a poloaxarmer

or a mixture of different poloaxamers.

27. The method according to claim 26, wherein the poloaxamer is P123 or F127 or F108.
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The method according to claim 23, wherein said cationic surfactant is selected from
the group consisting of octadecyltrimethylammonium bromide (ODTMABT), cetyl
trimethylammonium bromide (CTAB), dodecylethyldimethylammonium bromide,
cetylpyridinium  chloride (CPC), polyethoxylated tallow amine (POEA),
hexadecyltrimethylammonium p-toluenesulfonate, benzalkonium chloride (BAC),
benzethonium chloride (BZT), alkyltrimethyl quaternary ammonium surfactants,
gemini surfactants, bolaform surfactants, tri-hecadgroup cationic surfactants, tetra-
headgroup rigid bolaform surfactants, 3-aminopropyltrimethoxysilane (APS), N-
trimethoxylsilylpropyl-N,N,N”-trimethylaminonium (TMAPS) and mixtures thereof.

The method according to claim 23, wherein said amphoteric surfactant is selected
from the group consisting of dodecyl betaine, sodium 2,3-dimercaptopropanesulfonate
monohydrate, dodecyl dimethylamine oxide, cocamidopropyl betaine, 3-[N,N-
dimethyl(3-palmitoylaminopropyl}ammonio ]-propanesulfonate, coco ampho glycinate

and mixtures thereof

The method according to any one of claims 16 or 17 to 29, wherein the molar ratio of

the surfactant to the organometallic precursor in the sol is between about 0.5 to about
10.

The method according to any one of claims 16 or 17 to 30, wherein the sol is applied
to a support material before aging which is selected from the group consisting of a

metal mesh, a metal foam, a porous metal substrate, and a porous metal support.

The method according to claim 31, wherein the sol is applied to the metal mesh or

metal foam or porous metal substrate or porous metal support by spraying or pressing.

The method according to claim 31 or 32, wherein the metal mesh or metal foam or
porous metal substrate or porous metal support is made of a material selected from the
group consisting of titanium, antimony, cobalt, iron, manganese, silver, copper,
lithium, rubidiom, thallium, aluminiwm, barium, calcium, beryllium, magnesium,

nickel, palladium, strontium, tin, vanadium, zinc, bismuth, boron, chromium, gallium,



46
indium, tungsten, yttrium, cerium, germanium, ruthenium, selenium, tellurium,

tantalum, niobium, molybdenum, alloys of the aforementioned metals and mixtures

thereof,



