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1 INT ODue 10

Inorganic/organic compo ie m mbrane ,ar hara t riz d
by the incorporation of a variabl a010011 of a, inor­
ganic solid into an rganic p lym 1 that "r e' a the
matrix component. The illorgani oli migh but ot n c­
e arily pre 'ent intrin ic prot I -cor duefon pop rt' ' n
which ae the olid i generally a .die. In ther ea e.,
for exall1pl , with s'li a titania or ire nia the inorganic

ompon nt" ,lot inb r ntly p oton- onducting. Wh reas
the, r compo ire' i u d her, to de cribe a 1 mem­
brane as" cia ing an ino 'gani and an organic component,
the d,. ignation "hybrid" .s r,. r red for m mbrane ch ­
acteri d by na o. cal i ing gen rat, d fr quently by in
im f r a~i n ' th .n rga ~c component in the pol mer

m mbrane or solution and dri en by the formation either
of strong (co 'alent ionic) OI weak: or physical interac­
tion h drogen bonding.[1-, J ybrid membrane embrace
all stao: s of interconnectivity extending from eli rete
nanom tric inorganic partide ernbedded in the polymer
matrix to co-continuous and interpenetrating inorganic and
organic networks.

here are e eral rea on justifying the increa edffort
. een in recent years in developing compo it inorgani I 'g­
anic pIoton electrolyte membrane for fuel ell appli ation .
k t, a homogene-ou ly di per ed hydrophilic inorgani
olid a si in impl'oving Inembr311e water manag nt

botl by improving self-humidifiation of ill mbra at
the anode s'de by enhanciI g th bac .r-diffu. ion of water

produced a de cathodel61 and/or by reducing electroos­
motic drag. These are key factors for fuel cell functioning
with no or low humidification of rea tant ga e . D r a ed
electroo luotic drag reduces drying-out of the membrane at
he anode ide and could al 0 parti ipat in uppr ion
of fuel cro sover in direct m' thanol fuel c 11 (DM C ).
The pre ence of finely divided inorg nic particles al eon-
ribute to inhibiting direct p rmeatiOI of r action ga,
by in reasing tran port pathway tortuo ity by th po~ ibl
intera tion of diffu ing p ci w"th' u·,'a· of t inor-
gam phae . nd y anI c Iar '1 c1u i n ef' t in a
porou . arrang ment. 71

Con idecabl . ff, rt ha b n mad In r cent
y ar t dIp aU r ativ onp .rfluoro ulfonated low-
co t proton- hang lembraes based on sulfonated
po) a1' matic and polybet roc elic polymer. , a weill
as aU. n L to incl' ase th, operation t mperature to
abo 90 0 .£ -13] this context the u e 0 less
ulfo at d polymer i especially advantageous since their

d gradation . c' ani.. m seems to be a ociated wit a high
d gr of ulfonat'on. This a pect i also important wi
. (lard to th high swelling that i generally as ociated
with uch highl sulfonated hydrocarbon-ba ed polymer .
Inc1u ion of a proton-conducting inorganic material al ow
the use of a less conducting organic matrix which since it
is Ie highly sulfonated i les usceptible. 0 welling.
Beyond the reinforceInent or enhancenlent of pr ton­
conduction propertie compar d with th organic polymer­
only . y tern. tlle presence of inorganic pm1icl may also
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impede the diffusion of radical Lpede that could contribute
to oxidative degradation in nonfluorinated membranes.LI4]

Improvements in mechanical properties are also to be
expected when a peeiflc interaction is favored between
the inorganic and organic componen .

It i . de irable that the inorganic solid be highly and
homog neou ly d' P r ed 0 a to in rase th interfac
betwe .. inorganic and orga .. 0·· .pone· t and· 0' r a

th po. ibility of mat rial .ynergi m. In g n raI, th . im
pl di per ion of an in rgani lid in a p ] mer L lu-
tion i inclined to 1 ad to nonhomog n ou composit
membranes with rather large agglomeration. of inorgan'c
material, so re tricting the lower limit of membrane tbick­
ne s. In addition, ince the proton- onduction pathway for
many inorganic materials i aero s the surface rather than
through the bu proton-condu tivity tend . to increa e a
the parti Ie size i reduced. Thi i not readily achi ­
abl u :ng initu m thods in rganic parti, f rma­
t1 n making u jng of sollg 1 or ion- xchang. t chniqu
which allow the growth of inorganic mat rial at low t m­
perature in the presence of water withou recourse to
high-temperature treatment. In situ formation of the 'nor­
gani cornponent a1 0 opens up the po ibility of modify­
ing the polYIller nlicro tructure a 3d influencing hydropho­
biclhydrophilic characteri tic ; COl ductivity and we ling.
In particular; polymer olution generation of an ino"gana
netwo" u .fi ient prop rti n rela' t t, e orga··
'matri • xtends th boundary rom polym nfined inor

ganic ompon ntmbran s t ho e in which in rganic
n twork onn n an i nom I'.

In addit:on to comprchen i . ctrochemical character-
ization of the compo ite membrane. detailed invest'gation
of t e Inembrane microstructure and inorganic partie e ize;
and also t e nature of the .nteraction between inorganic and
organic component ; are aU required in order to elate t le~e
effectively to the oberved phy ical properties.

2 PREPARATION OF COMPO I -

EMB NES B ULK NG O.
ORGANIC AND, ORGA. Ie

co PO E TS

This method makeL use of the mi ing of pre-formed
inorgan'c proton-conductors 01' ceramic oxides with a
polymer solution followed by film casting and drying.
Both proton-conducting iono ne and lOnfunctionalized
polymer ,ave been u ed a organic matl"iee. In the
former ea e, the tudies perfonned have the principal
object"e of improving water management and reducing ga
ero .ov r inc the conductivity i generally adequat ly
high, and thUL the addition both of proton-conducting

materials and nonconducting ~ ilica or titania (generally
ca. 5 wt%) is encountered. On th other hand addition
of an inorganic component to a non ulfonated polymer
bonld a1 0 provid pro on-conduction prop· rti. and the

relati .1 high proportion r quir d ( .g., 30-70 wto/t) can
b d Uim ntal to he m hanical prop rti s of the composi e
membrane.

2. Di persion of powdered form inorganic
solids in a polymer solution

c ntly comp it membrane ha been de cribed
bru d on div L non ulfona d and sulfonat d poly­
mer y t 01, including polyb n'midaz (PBI)[l5] and
tyrene/ethe .elbute lei ty ene copo !ymerr161 '. corporating

turgtopho phoric ac·d. poly(v' ylidene fluo id ) (pVD
with irca and alumina 1171 sulfonated poly(eth retherke­
tone (P K) with zirconimll ulfopheny'pho phonate 11 ]

tung topho phori tung tomolyb .ic ac'd I J ') I and boron
pho phate [~OJ ulfonate. po ,y ty' ne incorp r ting anti­
tnon'c acid,121] ulfonated poly ulfone incorporating
pho pha oantimol1ic acid £2-1 and afion incorporating
ili a,l23 2] titanial J or tung tosilicic acid r25J for example'

in weig t proporti.on up to 70~ .
The methodo ogy for the preparation of the membranes

rema' ns a traightforward mixing of the powder-form inor­
ganic component. which could .ead to heterogeneity both of
th iz of the parti] agglom rat and of th if eli per ion
thr nah h organic matri . Thi a pect i oft n not studied
although. for xampl • in two t p of composite membrane
based on PEEK canning ,e]e tron micro copy howed
wen di p r d h t opol acid L191 and bor n ph sphat POI

of partie] ize 0.05-0.15 and 0.1-0.3 ID, reL p cti ly.
Th od of th tudie also r ale<! a largely'ncreaed
membran poro ity (por diam t r. 3-10 t-Lm) accompany­
ing comp ite m mbrane format' .n.

A nu nber of I e co'· po· it mentbra· hay higher
protonconducti ity than the polymer-only y. t m mea­
sur,ed under the arne condition , and som pot ntia ly
beneficial associated procedures have been devd ped. For
example in a study leading to electrica,ly in ulating com­
posite menlbrane of PVD and ·lica. acid doping 1 d
to membranes of onductivity >0.28 cm- I 25 DC) rJ71

whi h have been tested in D CS.126] Significant iluprove­
ments in conduc i vity are al 0 seen in membrane 0

nonsulfonated PBI loaded with 60 wt% of 30wt~ ilica­
supported tungstophosphoric acid, which reache 1.4 x
10- S cm-1 at 150°C (100% relative humidity (RH)))151

Thi i stm a factor ca. 00 lower than the conductiv­
i of afion® m a. ur d at 100f1t RH and 100 °C,127] but

is n. erthele s a large mcrease on the conductivity of

•
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A number of layer- tru tured olids can b bro n down
into building blocks 0 r duced dim. nsions b d lamination
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2.2 Dispers·o· of col oidal inorganic oxide or
proton con uctors in a polymer so ution

F'go ,e • (a C m 'ri on f pedfic re i ranee of Na on ISiO
fuel cell (n n· umidifyino onditions) with afton· fue] ceU
humidifying and nonhumidi ying conditions). Membrane p e­

pared by di per ion of 5 wt~ ilica of particle ize 0.007 p"ffi i .
a110n (5 wt~· olution. Cell tempera me, 80 0 ,hu .dif ing

temperature, 80 D C; cell pf· ure, atmo"pheric; reaction ga e . Hz.
O2' b) Cell li e· ee re ed by cell voltage of Nafion ISi02

fuel cell and Nafion'" fue] eeU (nonbumidifying cond"tions). Cur­
rent density 350 rnA em-2. Other con :tionsa in (a).123]

hydrate are attractive inorganic components from th poin
of view of their ,conduc 'vity, but are water solubl and
their possi.ble progres ive elu·· n in a war ' Ig U 1c 11 u t
be evaluate • in palti ula· in a polymer .nvironm nt where
here exi t· no p.. icuar abilizing interact'on between

the organic and inorganic components. Indeed~ only weak
h drog n bonding int racti.ons exist in any of the above
,compositions involving su fonated polYlner/acidic proton­
conducting or ceramic components,

< 10-) S cm-1gilven by the conesponding noncompo~ite

PBI membrane.P II

Amongst composite membranes repolted ba d on ·0 o­
rner the addition of 3% Si02 to Nafion solution h b n
r .portd to improve water retention propertie j by main­
tain·· g th· wat. r balanc of the membranes produced by
b th th back-d'ffusion of water from the cathode where it
wasproduc d, and r dueing the wa, r migration uDder the
influence of the genera· d urr. nt d nsHy b. r adsorption on
the SiD urface, The water conte t wa hawn to incr a-
from 17O/i for an unmodified afion® menlbra to 43~

for a membrane containing 3 wt% of ilica (weight gain
measured by humidification at 60°C of lnembrane pr,evi­
ou.ly dried at 80°C) and was such that humidification of
r acta t ga in an H 2/02 fuel cell operating at 80 °C could
b ·erminated ( 'gur- 1),[ ] Building on this approach
ub equent ther a1 treatm" nt (1 0-150°C) of afion­

Si02 melnbrane wa reported to avoid ad n iC0 amor­
phou to cry talline phase tran it'on fu 1 c op .. ration
above 130 °c t24J so extending the temp ratur a c .

afion membrane may be 0 erated. In addition~ tIl dif­
fu ion co fficient of methanol acro s Nafion ISiO under-
wor ' g DMFC condition. ww a factor of 103 low r than
hat 'n u :. dift d Nafion® wherea it proton conduc iv­

ity wa~ .mi ar to that of unm· ift dation . Reduction
in methanol ero 'over might b accompanied by a ow­
ering of the proton conducfvity· that thi . n lh ca
here impHes real progre s. sing afton -SiOz m mbran
p ak pow r d n iti s of 150 and 2 OmW cm-2 and open­
c' u·t oltage o' 0.82 and 0.9 V were recorded with air
and 0 yg . sp. c ively, at a c n temperature of 145°C,
and feeding reactant ill ilia 01 and 0 idant humidified
at 85°C ( igw"e 2),1 14

11 In the Nafion®/t ng t . ic'c a id
system, water uptake wa ob erv d to b .ce t ,at of

afton 117 ( arne nlembrane thickne ). F gu com-
pare the cell performance of tbi and of a three-compOl,ent

afton ftung tos'Heic acid/thiophene membrane. 12 There
i a ioni. cant chang. in th. I ctrode kinetic in the
c npo it bra a d for amp!, th current den­
sity at 900 . V i-inc ·eased, 0 . g t impro d i teraction
between the membrane and the e1 c 0 ataly t ·n the ill m­
brane/electrode as embly,

Compo ite organic/inorganic membranes based on oon­
p rfluorinated polymers can show· im· ar improvemen . in
water . tention and conduction propertie , For example
inclu ion by bul mi iog of pr cipHat d ilica (10 wt%)
in ulfonated PEEK gave membran. of high r conductiv­
ity at 100°C and in the [ela iv humidi y ra ge 75~100%
than that of sPEEK only~ reaching 9 x 10-2 S cm- 1)18]

Similarly, both the water uptake and the conductivity of
PEEK-based heteropolyacid compo ites are highe· than

tho of the pristin . PEEK u edJl9. _0] Heteropolyacid.
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andO.O,'OS cm- l at 150°C and lOO~ RH}18] The emem­

brane . how tabi H 2/OZ fuel cell performance up to 95°C.
Combining th organic and inorgani pha s without drastic

prcipHati n of the latt r can be a hie .d when the poly­
m r solvent and the dispeL ion medium for the inorganic
phuc e are similar or identical. In an alternative approacl,
,he tran fer of nanometric-sized silica particles from com­
mercial aqueous ilica suspensions to . igher boiling point
solvent for PE K such a N-methylpyrrol'done (NMP
dimethylacetamide (DMAc) or dimethyl ulfoxide ( MSO)
has been proposed)30] ransnussion electron micro cop'c
analys· of the hybrid Iuen brane prepared sowed regi us
of agglomerated ilica who ch could be compl tely avoid· d
by partial urface modification with amine functi n during

e solvent tran fer r a tiOll. Thu, v n wh n th olloida]
suspension i composed of wen-defined primary particles
of naromete' dim nsion , am' ing win t nd to occur on

an f into polyn r m dium in the ab ence of a built-
in tnt rparticl r pulsion ScHon 3.2).

3 IN lTV FORMATION OF INORGAN C
COMPONENT
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1.0
1,---------------------.

Figure 2. M op ration (air feed) with afio 15102 mem-
bran ,1241 lembrane prpared by di P rsion or \ t~ ilica
(A fO iJ 200 in Na on (5w~) caution. (a) In u nce f th
operatin<r temperat r on the p larization behavior; (b) raw and
IR-fcee po arization and PO\! er den ity c rve a 145 ° (2
CH30H, 4.5 atm CH OH~ 5.5 atm air. Cell size, 5 cm2

. Repro­
duced r m nt n . ci et al.:12J1 with permi io·· rr m '1 evier
Science.)

(exfoliation) in a solvent of appropriate dielectric con-
tant. This property i best known for day but under

parti ular conditions proton-conducting zirconium phos-
phat and zironium phosphat ulfoph n phosphonat
willI 0 form ollo'dal u p n io in hi h only a man
number of lay a . a ociated, a d whi h can b us d
i 1 al iance with a ulfonated po yJner . oIution to pro­
duce hyblid menlbranes.[18. 28] This method repre ents a
powerful mean for high intimacy of contact between com­
ponents, as long as flocculation on tran fer of tbe inor­
ganic phase to the polymer olution can be pre ented
and the cub-micrometric inorganic platelets of the xfoli­
ated phas maintained. Composttation / ..tanium pho ­

phate! uifophenyipho phona e nlembrane prepared by bulk
mixing have been reported to give conductivi ie lower
than either of the componentseparately.129J However
for hybrid nlembrane based on PEEK in which 40 wt~
of exfoliated Zr(HP04h_x(O. PC6H4S03H)x ( = , 1.5)



precursors in an acid- or base-catalyzed olfgel pIocess~

favor intimate combination C?f the polyme w'th inorga .c
precursor mononlers and rep" ent an f cf alt mafve
to the direct incorporation o· a powder-form inorganic
materia, Two means of polymer in situ chemistry have
b en dev loped, and the preferred use of one or the other
is a function of the nature of the precursor and the prop­
erties of the poly ner. In the fir~t "oute, •e ~ norganic
sub-lattice i formed locally in a pre- ormed sulfonat d
polymer membrane, and it r qu'res the incorporation by
ion exchang or impregnation/permeation of an appropriate
precu£. or, fonowed by hydrolysis or precipitation, aging
and drying steps. In the second route, an inorganic alko ­
ide monomer i added to a solution of th polym _r, and
hydrolysi~ and cond ~ation ar _ . duced by the addition
of wat r and cata1y~t. The ultimate morphology of ,he
inorganic phae formed will differ depending on which of
the above chemes is adopted, since on the one hand use
is made of a pre-exi ting phase separatior, wh n nasc. nt
inorganic partides develop ], Ige]y p. [, rentiall .n e
hydrophHic regions of the po)ym r m mbrane whereas
on tb othe hand inorganic particles precipitated in the
polymer o]ution m dium win evolve and ripen on sol­
vent removal and film formation, and could .nfluence the
polymer rnicrostrucrure.

hybrid membrane
a proto exchange

The preparation of
brane grow wilthil

3.1 In situ local growth of .
a pre-formed polymer

organic materials in
e bane

by in amem­
memhrane was

Inorganic/organic composite membran.es 451
- -

first described by auritz and co-workers,P, 31, 321 hI a

significant step forward, thi group made u e of the quasi­
ordered nanopha e- eparated morphology of afion® to act
a a polymerization template to direct the growth of the
inorganic phase within the nanoreactors of the ionic clus­
ters. Furth rmor , tailoring of compo itional gradients wa
achi d at th nanosca[e, by hell-like construction of
c ra- .c p! .c and 0 0 ganically coated nanoparticles,

and by th creat' 0 of compositional profiles across the
membrane thickne s by pelmeat·ng the precursor i' icon,
zirconium, titanium or aluminum alkoxides from one side
only of the Nafion® nlembrane (Figure 4), Smal-angle X~

ray catter' ng (SAXS) a alysis of the afion®/. ilica m In­
branes prepared by permeation of tetraetho y ilan (TEOS)
show a cattering maximum ("ionomer peak") at qmax ......,

2.0 lllll-1 which defines a corre arion distance a sociated
wit interduster spacing of the order of 5 nmY J The e
results e tablish that the original phase-eparated morphol­
ogy of afion® persists into the hybrid system. Such
nanophase eparation exi t also when incorporated silica is
po. t-react d with a monofunct'onal ethoxytrirnethylsilane
but post-reaction with difunctional diethoxydimethylsi'ane
gene "ate a co-continuou._ pha e, no onger characterized by
an ionOlner peak in SAXS owing to lower, d electron den­
sity contrast Figure 5). Fourier transfolm inf ared (¥fIR)
pectro copy of difference sp c .a spectrum of a pristine

membrane -ubtracted from those . hybrid membranes)
depicted an inorganic network that grows to e incea ingly
less branched with increasing ilicon oxide content with
fewer cyclic molecular sub-structures more linearity and
inter-linking between adjacent cluster ,1311 Gas per neation

EtOHJH20­
swol'len Nafion
S03H = catalyst

Po~ar cluster ---

Zr(OBu)4 c=::::J

EtOH c::=::3
air

0.13 mm thick
Nation film

Zr02
nanoparticle
(asymmetric

distribution)
Vary TBZ permeation
time and [TBZ] (dilute)

In situ sol-gel maction of Zr(OBu}4

Films removed, rinsed
with EtOH and dried

Figure 4. Schematic depict" on of hybrid Nafion®/Zr02 membrane formulation via in itu sol/~el reaction i~ a pre-fanned m~mbrane

and initiated in uUonic acid duster regions. Concentration profile of Zr02 created by oce-slded permeatlOn of tetrabutylzll"conate
(TBZ).[7, 32] (Reproduced from Mauritz[7] with pennis'ion from sevier Science.)
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One of the con tra"nt on tb u of a pr '-formed membrane
as template for "norganic patticl grow h i the content of
the inorganic rna l;al that can be incorporated. For ion
exchangelprec·pitat·on. the limit is given by the IEC of the
membran (.g., 30 wt% ZrP can be grown inside sPEEK
of IE ] "3 meq g-1) and for permeation the limit iaround
40 wt~. This restriction is li:tted when the inorgan'c com­
ponent i grown in a polYlller 0 ution, and in principle

3.2 Polymer in situ sol/gel reactions of inorgan·c
alko ides and alkyl- or arylalkoxysilanes

counter-ion" Thi' method ha . been u d for th pr para­
fOil of hyb 'id embrane' ba . d on p, EK['l, I ,3.] and
NatIon l 6, 7 incorporating the layered meta1(IV) hydro­
genpho phat s M(JV)(HPO ) .nHiO, with M = Zr Ti, Sn.
Proe . ariabl ,s include the concentra ions of metal salts
and phosphoric acid used for the ion-exchange reaction and
for precipitation of the corresponding layered phosphate,
respectively as well as the temperature and the duration
of the reaction. Thee pa!a .' eter a ow both modula­
tion 0 the u e of the ion-e change capac·t (IEe) of the
ionomer membrane (i.e.• the ultimat in rganic component
c ITt nt), and a e rtain d gr e of control over the extent of
cr talHnity of the inorganic pha e formed. Transmi ion
I tron micrograp of sPE K membranes containing zir­

conium phosphate (ZrP) and tin phD phate (8 P) how d
the pre ence i.n the form r of par1icles of ]ongated, r, ct­
angular morphology of dinlen io ca. 15-30 nm in length
and 5- 0 ,'in wjdthJll] Th particl ize wa .maner in
P KlSnP membran. ca. 5 nm. This marked difference

in partid '. ire und r . imilar condition of preparation is
al 0 found in tbe corresponding bulk p. ases. The eompo-
Won of the e hybrid membranes permits t e use of probe

t chn'qu s and -ray ab orption spectro copy (extended
X-ray ab orption fine tructure and X-ray ab orpfon near­
edge t:mcture at the metal edge was u ed to folIo
the precipitation reacti nand ompar ,h local struc­
ture with that of len wn bul mat rial prepared under
variou . condifon .[35] Tb ondue ivit ofPEEKlmetal
p 0 phat h brid containing 25 wt~ of inorganic compo
nent i only weakly mperature dependent,. being u to
8 X ]0-2 S cm-J at 100°C/I00% RH.[1 ] Proof in favor
of' th advantage of hybrid inorganic/organic membrane
compared ith the corre ponding polymer-only c.ounter­
part is provided by igure 6, which how that for all

value . of relative humidity at 100 0 C the conduetivity of
P Kfz' conium pho phate membrane is higher than that

of umnodified sP E' . Su h m m ran ha bn oper­
ated at up to 130°C in a hydrog nJa'r fue ce I and have
pro ided 700 mV at 0.5 A cm-2 on oxygen at 90°C under
a pe ur of .6 arJl]
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Figure 5. SAXS inten ity profile' for u fi led, r)' an n IH (D)
afion I 'lie Il di ide (. anon J Hieon di ide po t-reacted

with iethoxydim thyl Han ('\7) and afion I ilicon dio ide po t­
rea ted with ,tho ytrirn thyl Dane (?). (Reproduced from Dcng
et aL r3. 1 ith permi ion from John Wiley & on Inc.)

of helium and arb n dio .d hr ugh th . e a ymmetric
Nafion®/si 'ca and -z"rconia hybr"d m mbran. re p c­
lively. provide opposing trends of the evo ution th gm
p rm ability wi h up tf am pre nre. The re ult i d·cate a
dual mod 0 orption in th, afton / ilica membran . ill -
olution in t e polymer matt" and ad. orpfon on to porou
ilica and interaction of g' .1 Ie ul ith iOH group ,

whereas for anon /zirconia membranes th di.. solution
term pr dominates, suggesting diffu ion accomp , i d by
ompl pia tidzationP' 31. 32J

..-,...."pite th d ai d iot rroga ion of the mic 0 tructure of
hybrid afion -ba· d membran . n differ nt dimensional
cale , only very preliminary el trical charac, rization ha

been performed. The e re ult sugge t tha' at 80°C th
condueti ity of Nation Isilica (0.099 S cm- ) ~ rlghtl
. igher than hat measured for! afion® a one u der he am
c ndition of. quiHbration with water apor cIa e to 1OO~

RH 0.074 S cm- l and t at th methanol crossover rate
was un hanged compw d ith unmodified Nafion .[34]

The hydroph'lic don ain of an 'onomer m mbrane are
thu favored loca tructu a egion for grow h of inor­
gani par ides. In a sc erne different from that abov
furth r ad antag may be drawn from the ionic sites by
u ing the it n-exchange prope i !0 introduce a metal ion

'at can act as a eel t r for parti le gro h either in a
sub equent ollgel proce S, or by onclition'ng tb metal
ion-exchanged membrane in an appropriat . o'ution of a
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0.,1

·'gure 6. (a) Conductivity of PEEKlZrP co' ta'og 0 wto/(
ziTco[l'um phosphate as a function of reative humid'ty and
b) compari with c 0 uclivi of unm dified P . All

membranes w re pre- reated io 85% H3P04 for 5 day at 80°C
then washed in boilinu wat r for 4 h prior to measu:rem ntPll

continuously increa ing anl0unt of inorg ric ph -- e can
be grown to give membranes rangi.ng from pure a ganic
to pure inorganic. In recent year: ' a number of polymer
have been u ed as host rnatrix for in situ polymerization of
metal alkoxldes, and in the majority of cases the mate­
rial prepared are polymer/silica hybnds. he e inc ude
the use of polydimethylsiloxane [3] poly(tetramet ylene
oxide),[39] poly( thylmethacrylat),r 0] poxy re ins[41]
and polyimid ,1[42] for which th inclu ion of m tal oxide
particl led to hybrid m mbran with me hanical prop ',­
tie . uprior t tho of th pure orga .c matri .

afion®/ ilica membrane contail'ng b tw n 6 and
54 wt<J( f' ill a hay b I' prepared by adding T OS [ar ct,
in on e case ~ to'ntroduce more fie 'b eegment 1,]" ~

etramethyl-1,3-d'e I 0 ydi iloxane ,TMD S)] to a on
solution in propanol/water and catalyzing the oI/gel reac-
ion by addition of HCU43 1 The afion microstructure

reforms at the same tin e as the inorganic polymeriza­
tion reaction and the membranes obtained how diverse
morphologie. or example, in a hybrid of 6.5 wt~ Si02•

bands of silica of width 1.2 IJ,ID, aligned in the direction
of the solven evaporation path, were differentiated by
transmission lectron microscopy (TEM). At > 10% sub­
stitution of TEOS by more hydrophobic TDMES phase
egregation OCCUIT d, altho gh a laminar organization of

inorganic domains was also ob red, [43] £1 ctron energy
10 ssp ctml analy L 'ndicat d th complet absence ofJI­
ica in the polymer deh regions 0 the hybrid. Nafion®/Si02
membrane containing 22 wt% ilica were llgid and bri­
II ,Th flexibility and ela ti ity of 15-20~ ub tituled
TOM,S lllembrane we"e l "gher, with values of e storage
and d' ipative moduli clo e to those of Nafio 1 ,14-1 ] The

conductivity of such hybrid membra es as 0 ly been
report d und r condition of dry argon up to 100°C, when
the range of conducti ity is 10-7-10-5 S em-I depending
on composition and temperature,r441 It is noted that ne"­

ther afion®J iIi a hybrid~ prepar d u ing a pre-formed!
m mbrane nor tho prep ed by precipitation in the poly­
mer' 0 ution have yet been satisfactorily characterized for
their elec "ocbemical prope11ie , iI contrast to the more
xt n iv inv- tigation carri d out n compo't rat

Nafton H I mca m mbranes pr pared by bulk dispel' ion.

Hybrid Inernbrane based on poly er in itu growth
a i, .ca i" p.~ have b n p 'epar d in r ot w rk,
but in thiapproach a growing ilica network denved
from TEO is mface functionalized by reaction wil
aminophenylt j n ,ho y iJa OS)pul Pro on ran ­

f, r from th ulfonk acid groups of PEEK to aminophenyl
nd-capped ilica cause ' ionic charging of the particles

which has tbe two-fold effect of pr, venting auto-aggrega­
tion and fa ring i nic ro inking with ulfonatc groups.
The exp ctation tbat the ionic interaction -NH +- - -0. S­
would improve mechanical propertie compared with non­
functionaliz d ,PEEK/S'0 _ hybrid wa Oln out by

p riment. _or tb laU r th rna _imum . tr ngth drops
from 39 to 6 MPa on introduction of 20~ 8i02, but recovec
to 37 MPa on partial ub titUtiOl of OS wi h
MOS. Th mban are aI, 0 characteri d b d crea d
elongation at br,eak and, for optimized composition a
higher mechanical modulu ' than for unmodified P - , K.
,he pre enee of A TMO trongly in uen e the degre of

di p r ion ilica through ut the ro, mbran (Figure 7a).
The conduc i it of' P Klaminophenyl-functionalized sil­
ica containing lO-20wt% 8i02 is 3-4xlO-2 Scm-I at
100 0 /100~ RH. Thes va u are only slightly ower than
for unmodifi d PEEK, de. pit th fact that th, ff eti e
IEC of the hybrid system i reduced by the protonation of
amino groups.1 301

b ve in lusion of ca 0 wt~ the i ic '0 slinking
. +- - -03$- i in uffici nt 00 nsur complete dis­

per ion of the inorganic pha e in the ab cnce of other
favorable factor, uc' the dielectric con tant of the oI-

nt. Conti u d increa in tb am unt of aminoph ny1
group in any case further reduces effective lEe. igh
dielectric constant 0 vents solvate i.on pairs via electro tatic
interactions, al owing pha e paration into inorganic- and
organic-rich domain to be a oided but at the same time
not hinder'ng the ionic interaction at the interface.145 I It

has been shown that tran parent hybrid menlbrane of su~­

fonat d poly tyren PS and aminopropyl-functionalized
ilica 50 wt~ SiOz) can be prepared tha have increased
torage modulus in the elastic state compared with non-

hybrid PS, till, being a ,libuted I () an increase in ionic
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(a)
373 COUPE ­
RD2720 100.0 KV X50 K 100 nm (b)

Figu e 7. Transmi~ ion electron micrograph of hybrid membrane of P EKiaminophenyl-funct' onalized mea pr pared by in situ
sollg 1 ratio in P lut" on ontaining (a) 0 wt~ iO_ howing d' c etc and w 11 disper cd particle (dark region) of izc ca.
10 nm an I (b) 50 [~SiO_. ho ing nanomet r-le~ el eparatio f' organic (bright r g'ons) and oga 'c (dar gion' com ne 1
with eo-contim.JIou domains of equal .ize, ca. 4-5 nm,Pol

interacti.on. betwe n P chain and a con qu nt r duction
in th i mobility.

a ophas - parat. ct, 'b e hyb id an . w·th up
to 50 w!7£ i 'caav b obtain d w't PE u g
DMSO, although turbid or tran.lu ent and more brittle y­
t. ms r . u]t. d wi h Dlv nt. of low r dielectric con tant u
a din ethylformamide, DMAc or MP. Importantly the
condu tivity of PEEKIaminophenyl-funcfonalized ilica
lnembrane (50 wt~ Si01) is maintained at > 10-2 Scm-I
at 25°C (100% RH), even though it could be expected that
the conductivity of such membranes would be dra tically
lowered in the pre ence of a high content of a noninber­
ently proton-conducting inorganic phase. This obse ation
provides support for a modified membrane micro tructure
and exten ive . ilica-polymer int rfacial r gion , impro ­
iog proton tran port prop r ies.. Iud .d, TEM ho hat
the sPEEK polymer and aminopben I-functionali d sil­
ica networks in erpenetrat . ith imilar domain i of ea
4 nrn (FigUf 7b), and th. polym can b c n 'der d a
confined within th por" 0 an in 'tu-form d mnorphou
s' 'ca tructu e. [30]

4 CO CLUS ON

Impro· fits in p oton-conducfon prop and ater
n anagement. e ten ion of the working temp· ra ure range
and reduction in direct fuel cro ove' are among the pos­
"tive properties reported for compo ite inorganic/organic
membranes compared with their polymer-only congeners
of relevance to fuel cell applications, These properties ar,e

of pat1i ular int r t in cont t f th u of hydrocar­
bon fu 1 or r format ga, and f fu 1 c II op ration in
the m dium-t ,p ratu ange, w'th ow umid· catio of
reacfon ga e. hen th inorganic compon nt L pr cipi­
tated in . itu in the polymer rath r than by bulk mixing of
the polymer with a powd red ceramic or proton-conducting
solid aci a nlore omogeneou dispersion of the inorganic
phase through the organ·c matrix results with associated
advantage for or even increased, proton conductivity and
mechanical trength. The recent concepts of ionic cros link­
ing between inorganic and orgam phases. interpenetration
of functional 'norganie and organic networ and modula­
tion of membrane morphology provide exciting are for
he developm nt f fuel e II membr ne , whi Ie the electro-

ch mica araet r'ation 0 h brid ste·· de igned for
other appl" cat" n ho 1 d al 0 b ompleted.
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