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ABSTRACT

To improve the mechanical properties, such as durabilities and antioxidative characteristics, the
covalently cross-linked (CL-) SPEEK (sulfonated polyether ether ketone)/Cs-substituted HPA (heteropoly acid)
organic-inorganic composite membranes (CL-SPEEK/Cs-HPAs), have been intensively investigated. The composite
membrane were prepared by blending cesium-substituted HPAs (Cs-HPAs), including tungstophosphoric acid (TPA),
molybdophosphoric acid (MoPA), and tungstosilicic acid (TSiA) with cross-linking agent content of 0.01 mL. And
composite electrolytes composed of Cs-HPAs, prepared by immersion (imm.) and titration (titr.) methods to increase
the stability of HPAs in water, were applied to polymer electrolyte membrane electrolysis (PEME). As a result,
the proton conductivity of Cs-substituted composite membranes increased rapidly over 60°C but mechanical
properties, such as tensile strength, decreased in accordance with added Cs content. The bleeding-out of Cs-TPA
membranes by titration method (50 vol.% Cs) decreased steadily to 2.15%. In the oxidative stability test by Fenton
solution , the durability of membranes with Cs-HPA significantly increased. In case of CL-SPEEK/ Cs-TPA
membrane, duration time increased more than 1200 hours. It is expected that even though CL-SPEEK/Cs-MoPA
membrane shows the high proton conductivity, electrocatalytic activity and cell voltage of 1.80 V for water
electrolysis, the CL-SPEEK/Cs-TPA (imm.) is more suitable as an alternative membrane in real system with the
satisfactory proton conductivity, mechanical properties, anti-oxidative stability and cell voltage of 1.89 V.

KEY WORDS : SPEEK(%3£3} Ze|oe|l 2o 8| 27]%), PEME(aL&AF s @9 =74 3l), Covalently cross-
linking(-§-7} L A 8, Cs-HPA(Cs®] |3+ 3 el 2Z 2] 41), Oxidative stability(2k3H) 7
A1), Bleeding out of HPA(ZHlZ %24t %=, Mechanical properties(7]1 412 54)

TCorresponding author : askang@mju.ac.kr
[ A4 : 2011118 =AY : 2011211 AAEEL : 2011.2.18 ]

Trans. of the Korean Hydrogen and New Energy Societ(2011. 2), Vol. 22, No. 1 1



Cs" X2t e

LM B

T 2RHE A7)EE o8l s Alxshe
TEA A 2e o]g-3k =13l (polymer electrolyte
membrane electrolysis, PEME)&= 1% 42 E
Az lon, AFs) A 9 P o] =
A3 A zmeo g Asjde] uhe P o))
Tev @Al PEMECIA Zd83t5 o] 21+ Nafion
9 e IA LEA i e sHoe
a7belrh, 183 80T o] el oA o] A%
59 7hae) 7)1AIAQ Ztre] | 5 WAlSo] A
sl AstE= ©ilo] JoBEE o]E Hast F gle
el 7] Hgde 01?7} 2 g8,

O|ALLE & 7|3k W ZmjEA]S SRAA]Y)
7] 93ke] B2} matrix Well heteropoly acid(HPA)
= 22 Q77 A3E 0] 9P, Keggin T
Z9] HPAE =& brénsted A £ 9} o] &AL RS
YERAIRE =l A Z+ o] St o] & WA
sk7] 913 HPA®] Fol2& At #A= X3 A
FAY FAHE o] &ate] B84 EHE vhEo] A}
2517 ©r}. Ramani 57 Nafion/TPA 2] TPA
& Cso & A8hste] 25 M3} A7)+ A5 B
2akAth Oh 577 CsHSO,E o] &ake] Csol A
3l TPAE Alxsto] o] 2d =% 9 g2 54o] &
LE] slelA o2 hygh Hald ws Aot

&, Dogan 5% Oh 53} Zg-f:— 27194 SPEEK
1 TPA®} Cs(OH)- & ©
SPEEK"]| Cs-& 7kt A9 o] ExE 2 <t
A7}t ssadtin Baskg )

2 Aol A= Nafion?he] @S 1940}7] ?ls
o g4, 71AA A, We54
3 ol gk HlEAA A ASl polyether ether
ketone(PEEK) oAy ZefxE 18alE 23
2 % ¥3HSPEEK)&}HS
phosphoric acid(TPA), molybdo-phosphoric acid
(MoPA), tungstosilicic acid(TSiA) 52 HPA2] o]
<& Cso 2 A&t Cs-HPAS &3 v2 77}
1 (CL-)AA CL-SPEEK/Cs-HPA %7 B35
Azste] o & Tl 383kt

o>

_]EI 1-‘r(

o] L&A} ol tungsto-

97 54 2

dollE s=tu

e

SPEEK/HPA S§2tel ot 5t

2& ¥

2.1 AEX Moz of
2.1.1 SPEEK-S0. EI N EE E

SPEEK-S02CI-S0.LIOl HIZ=

PEEKS] %¥£3} W8 Jang 59 Az 4wt
T S o] &3kt 124171 53t 100C ol A]
Azste] Fg s AAS ] & F, -S0; =
A8kl §lete] 4 FebaAe] P4t} PEEKE
B A F97Isk A Aol 120413F S<F al
uhate] WESAATY. AzE DEAS AoE
A B oy W S 5o, FF dxste] £E3)
¥l SPEEKE Al%3}H3ith

SOCl 200mLell A% SPEEK 12g5& §3|A171
% DMF(N,N-dimethylformamide, Junsei, 99.5%)
3mLE H7Fsta} E Al 60TColl A 3A17F & ank
sl om o] o] SOCIE AAsH] ate] 85T ol
A 45~50% &<t 0%7HA FFAIA FAh St
7} B 1 8-2=2 THF (tetrahydrofuran, Samchun
pure Chem., 99%) 20mLell 3AAA FJlon 3|
Mg §HMS jso-propanolel] IAHAIZI T AAH
aAE o] W AHE T o] awAE v 20

mL THF® &3JA17] $ thA] iso-propanolel 7
Al7)aL o W A H el § 25Cell A 2447 &<F
AFdAx712 b Axste] SPEEK-SO.ClE Al
Z3H3i
RGN T 7] §8ke] A ZH SPEEK-SO.Cl 8g

< 05~2.0M9] NaSOs89 200mLe} $HA| 47 &
ehzmol Wi T0CAA] 24217E ok el
ayke] By 5 AR A4 F4Re BEgu)

# ool el

)]
ML
o
rio,
r&ﬂ
bt
Hr
X3
i %
o
o
N
£l
i)
e
o
Ho
e
-y

T,

Ll /q]ﬂo}oq O% «]
HE o AAG &, 40T 1
Ez7]o A b8 1zxsto] Tfﬂ%% PEEK-
SOLCI-SOLIE Az Fd o= SOH7 =
SOLI712 ©A] NaO-S=07]1= H3}stH zpAeh bt

=54 Z AUUHXISE =28 M22d Hi1g 20114 22



=
O
b
ol
0x
e
OF
=
(S}

LNl CsCOs &
7} B3)u]8-(10~50vol.2%) & 25C ol A 1ml/min
2 AA 3 titrationH (©] 3} titr.) .2 H7}35}
™
S 50T ol A Mlﬂ 73_5 T, 200Cel[A] 3212 7
Z3to] Cs-HPAE #A1%¢ th ball-mill2 #2413}
o] A7tatae?.
A|z% PEEK-SOCl-SOuLi 4gS TPAH;PW2Os
nH;0, 99.99% pure, Fluka)2] 7-%- NMP 3= MoPA

| SPEEK(LE.C = 2.7meglg) |

L 4

| 12¢ SPEEK + 200mL SOCI,

0
01
HolI
HD

‘ <

| Distilled SOCI and then addition of 20mL THF at 85C |

‘ <

| PEEK-SO,CI |

4

‘ 8g PEEK - SO,CI + 2MNa,SO; 200mL

‘, <

Ton-exchange Li'form

-

Dialyzed(removed LiCI and Na,SOs)

<
Y

-

PEEK - SO,Li - SO,CI

-

<

«

-

Casting

‘ <

CL - SPEEK/Cs - HPA composite membrane

A . Lot

o

(H3sPMo12040°nH20, 99.99% pure, Aldrich)¢} TSIA
(HASIW12040 HHQO 9999/ Aldl‘lCh)/] oT DMAc
10wt% Sdo =z A3s] 83 & Cs-HPA =, Cs-
TPA®} Cs-TSIAE HPA 7] 30wt.%, Cs-MoPA
5 wt.% H7kste] thA] st &3 5 =
= AR 259 w2 wnkskith

agko] gt NEAE AARA S FIAA HFH
o2 BEFES AT $F, 00ImLe] 7FaA|(1,4-
diiodobutane)& % 7Fsle] 3A17F E<F aHkel T,
E¢E FAE doctor knife castingdhe] g
ol A 12213F, 60Cell A 441 7F, wpAete 2 120Cel
A 2473 Axsto] 170um FA ] 37kl Aj; ot
= Axsith Alxd w2 S 5 ke

Hrol AuvlE EEWTIR Afste] F3t

Dissolved with 3mL DMF generation of SO and HCI gas

Drying(for overnight, in vacuum)

‘(7At 70°C, for 20~24hr

7% LiCI solution

Drying(at 40C, in vacuum)

_ 7 Titration method

4g PEEK - SO,Li - SO,CI + 20mL NMP, DMAc ‘(7Blending of Cs-HPA and 1,4-diiodobutane

Drying(at 25°C, for 12hr — at 60°C, for 4hr — at 100°C, for 24hr)

0.IMCsCO; at 25C for 1day — Immersion method
— IMH,SO; for lday

Fig. 1 Preparation procedure of polymer electrolyte membrane of CL-SPEEK/Cs-HPA membranes.

Trans. of the Korean Hydrogen and New Energy Societ(201

1. 2), Vol. 22, No. 1 3



Cs" X2t e

213 g Jtul 28 CL-SPEEK/Cs-HPA

b e E
ohato] HIZ(immersiond)

212 goA CsE X33t & Ax¥ =& 01
M2] CsosCOs 200mL 8ol 25Col| A 2447k

JHIOKI

A
b A immersionA] 7] HPAS] H'E Cs' & %] 313k
th 221 70CoA 2423 Azstn' Azxd o
S ZHS 9 gAgdo) do] AAV|E &EA
7|& X gkato] FoAT o] wf Wk AFTAS 77t

Fig. 1o YefA

2.2 CL-SPEEK/Cs-HPA Sgtaio] EA
TE Ag71e EAE Eels]
3% 247](BOMEM, MB104)&
3}9114_' o] gA oA L dhols)

2970, TA Instruments)
£ ol &ttt U= ‘%‘9] NG EE Fotr7] ¢
A 25Co AF2o|A tensile strength machine
(LR 5K, Lloyd)< ©]-83Fe] ASTM D 8321 <] 3|
ore] AAlE3t QI =S S745k3 vk Impedance
Z27](Solartron 1260 analyzer)S Al-g3to] 2o
A Ag D o] 2AEEYS 245t whe| o
Ho g ZAs &

Fa AHS 9 dx & whe] FAE SA

a}o] ?:L/F%% AxratAek?, e 3 Ashy g e
m FeSOs + 3wt.% HoOy)S ©]-8-3}
o 6()C°ﬂ*1 4% BN AT, 1At A
3 ool A7k HPAS] M&=dds Sklshr] flal
5x6em@] Ak Al S S 200mLel| 55C el
A ?4*17} SN AT 1% §ohS UV-VIS 37
243 T}, Lambert-Beer's

AT

s JAlE el Age v P -
3+ (impregnation-reduction method) ©]-&3}
W23l Ry )2 kA AT, wl A oke wi

T

lj_
-
oFo]-& 332l tetraammineplathnium(Il) chloride

S~

dollE s=tu

ro

SPEEK/HPA S&9t2l otd st

hydrate{Pt(NHs),Clz-nH:0, 98.0% pure, Aldrich}&
ARE-EATE Ru A9k ruthenium chloride hydrate
(RuClz-nH:0, 99.98% pure, Aldrich)E A}-&-3}5]

3L A Z+= sodium borohydride(NaBHy, 98.0% pure,
Aldrich)& AH&-3FQ . dAEE B3l 2cES Al
A%k 2He 5mmol/L 2] Pt(NHs),Cly =8l 1A]3F
2 T EAoks 475k, pH 1302 249 3
A4 NaBH,Z AHE8to] 08mol/Le] FEZ 908
a

Eot gdatdet”. dglo] Bt 2o Al HH

j=
AAHPoR NG F A% 0 A2 243
o YAFE AT RALAFHCyclic

voltammetry, CV)< potentio-galvanostat(EG&G,
273A, USA)E o]-&sto] Pto] #7]318h4] A xd
A (electrochemical surface area, ESA)S &4 35
al, Az2E AZFL SR Ao Heste] B 7|2

Aol A AFUEE S5

3. 2t X 1E
3.1 CL-SPEEK/Cs-HPA

SRSy =X

Fig. 2= CL-SPEEK/Cs-HPA ¢49] Cs X
S Wslo] w2 FT-IR A3 2z olt) 3|
2 ul—/] SOgHﬂ' HPA-/] }\Lixhq_og 7_|L7_'L9/] a1
3k 9}4=(wave number)7} 254 o] F M LE
2} [s)A o] HPA £ o] gl 4 ot
CL-SPEEK/TPAE Keggin %241 W=Ot(terminal
oxygen)™ 980crn*1 W-Oc-W(corner-shared oxygen)
= 897cm !, W-Oe-W(edge-shared oxygen):= 810
cm ol 242 NEAES 5“&%‘ g =t MoPA
9} TSiAo| M= Z}zte “HPAO|

7] oA =
Hlaste] A&71%E zlodé} oY, CL-SPEEK/
Cs-HPAGmm.)& Z2+e] a1
[e)

=gtotol

mlo _1

=

I AEZ E o] YERA]
¢x9kth. Ramani 5" CL-SPEEK/Cs-TPA(imm.)
oA W=0t2] band”’} §loiAl&= A2 W:OtA

2] Aol gloj#]aL o] band”7} Wl A H, djF

TPA peake AEA} matrix®] IR} T3 5101 7“*
7] wfitoll 2 vEhA] erhal B asksith Cs
A3l met I SEE iR fAekE A

=54 Z AUUHXISE =28 M22d Hi1g 20114 22



-
Ol
A
el
0x
o

W-0-W
CL-SPEEK/TPA30
g
@ . 3 - cran,
o . o .
c .
.‘g -
£ kN
("] .
2 CL-SPEEK/CsTPAIN(imm) __~ 7
© — v \
= AT / NS
\/"\ ~ -
FaY / hd ~ AN
/ N i
AN
CL-SPEEK/Cs{TPA,)30titr.) ~
1200 1100 1000 300 800 700
Wavenumber [cm™]
(a) TPA
CL-SPEEK/MoPA40
Mo=0, Mo-0.-Mo y CI; y
= | _—— - - 0-0.-Mo
gr- SN e ~ A
] N -
© | CL-SPEEK/(Cs MoPAMOttr )
£
£
(7] -
= " .
2 Tl :
= . . .
37 CLSPEEKCSMoPAO(imm ) |
T T . T
1200 1100 1000 900 800 700
Wavenumber[cm™]
(b) MoPA
CL-SPEEK/TSIA30
W=0
CL-SPEEK/Cs TSIA30(mm )
° S E vy L Lt
3 - :
c . 0 W
s I -
£ CL-SPEEK/(Cs,TSiA)0@r)” % /™ N\
v
A /7
NS
: : : :
1200 1100 1000 900 800 700

Wavenumber [cm'“]
(c) TSIA
Fig. 2 FT-IR spectroscopy of CL-SPEEK/HPA, CL-SPEEK/Cs-HPA

(imm.) and CL-SPEEK/Cs-HPA (titr.) membranes ; (a) TPA,
(b) MoPa and (c) TSiA.

Trans. of the Korean Hydrogen and New Energy Societ(201

ENER

eILIEY
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Fig. 6 Stress-strain curves of (a) CL-SPEEK/ Cs-TPA, (b) CL-

SPEEK/Cs-MoPA and (c) CL-SPEEK/Cs-TSiA in accordance
with Cs substitution ratio in titration and immersion method.
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Table 2 Bleeding out of HPA in accordance with various
membranes

Property HPA in | Bleeding out | Bleeding out
membrane of HPA of HPA
Sample [e] lg] [%]
CLT'IS,ESIQ 0.0688 0.0069 10.07
10vCoL1.-°ZPlé§-I¥PA 0.132 0.0197 14.92
25\/Cc)If.:’ZP}élsa-I;/PA 0.134 0.0102 7.61
33vCoL1.-°ZPlélsa-I¥PA 0.126 0.0087 6.90
SO\iLl.-"ZPE]sE-I;/PA 0.130 0.0028 2.15
CS_LT'SAPEK.) 0.112 0.0028 254
C;S;’Eféq 0.0488 0.0412 84.34
25v§1%’f ]:ZEE\%PA 0.0925 0.0130 14.03
33v§1&f ]::EE\ZPA 0.1017 0.0020 1.93
St conepa| 01241 | 007 | 283
CS?I\Ldgf(liafm) 01154 0.0005 0.4
CLT'SS;%%IQ 0.0878 0.0825 93.99
ZOV%%;Zng—I”?/SiA 0.1312 0.0959 73.1
25vii;/sopgf-lTQSiA 0.1231 0.0628 51.05
33vii;/ipgf-l"§/SiA 0.1187 0.0571 48.12
SOVEi;/Song-ITQSiA 0.0965 0.0206 2131
cgssliiiﬁ) 0.1085 0.0055 5.11
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Table 3 Oxidative stability of CL-SPEEK/Cs-HPA in accordance
with Cs substitution ratio by Fenton reagent (unit : h)

Cs vol.% HPA TPA MoPA TSiA
0 163 47 48
10 1200 > - -
20 - - 325
25 1200 > 282 356
33 1200 > 211 378
50 1200 > 115 400
Immersion 1200 > 574 315
]:}‘23,24).

sto] Agts Ao A &9l g 4 319l
ImmersionH 2.2 Cs& X33k Fo] titration 2.2
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Fig. 7 Cyclic voltamograms of Pt/PEM/Pt-Ru electrodes prepared
by non-equilibrium I-R method in accordance with various
membranes ; geometrical area : 1.0 cmz, scan rate : 20 mV/s.
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Table 4 Electrochemical property of Pt/PEM/Pt and Pt/PEM/ o] A3 Ao 7 Aste Aog o AR
Pt-Ru electrodes prepared by non-equilibrium I-R method
E.S.A  |Cell voltage| Voltage -?— J I
PEM [m’/g] [V, at 1 | efficiency
2
Alem] | T4l B 384 21C TEEO] “uE S &
CL-SPEEK/ -
25v0l.% Cs-TPA 15.06 1.91 71.5 43 E] 9}9_1]:]7 o] oﬂ @—A}Eﬂu 1/] 1:]_
CL-SPEEK/
CoTPAGmm) 18.59 1.89 783 72 8
_ -
CL-SPEEK/ 37.87 1.81 81.7
25vol.% Cs-MoPA ) ) ' 1) P. Millet, F. Andolfatto and R. Durand, ‘“Design
CL-SPEEK/ 26.75 1.80 822 and performance of a solid polymer electrolyte
Cs-MoPA(imm.)

water electrolyzer”, Int. J. Hydrogen Energy,
Vol. 21, No. 2, 1996, pp. 87-93.

Fig. 82 Fig. 79 22 A AF-A¢ =4 2) P. W. T. Lu and J. H. Russel, “Advances in
S UERA Aotk AFEE 1A/cmol 4] 29 A7) Water Electrolysis Technology with Emphasis
3] A2 immersion &2 % $kA]1 7] Cs-MoPA on Use of the Solid Polymer Electrolyte”, J
gho] 1.80VE 7Pd 3%ttt Table 40 th& Appl. Electrochem., Vol. 9, No. 3, 1979, pp.
MEA®] ESA 3 245t 235 Hephdr 269-283.
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1. Z = Al HPA H71A1e] @3, WALele] =, A

s ofeha vhshel, 491, 2008, pp. 48-50.

&f7h A7 SPEEKel Cse] #19H¥ TPA, MoPA 4) L Y. Jang, O. H Kweon, K. E. Kim, G. J.

R TSIA 59 HPAS #7he vhe] S4= 549 Hwang, S. B. Moon, A. S. Kang, “Covalently
A7} Cse] Ao Qlate] 60T o 9] 2o A cross-linked sulfonated poly(ether ether ketone)/
ol2ALEIE AA Fsstalen HPA H&&ol tungstophosphoric acid composite membranes
titration'] © & Cso] X| €kl TPAS] 7 215%7H4] for water electrolysis application”, J. Power
wrolA| a1 Abshl A o] ZA) S ek Q1 Eet Sources, Vol. 181, No. 1, 2008, pp. 127-134.
A& 5 7IAA SA4E bt Lo immersion' 5) V. Ramani, H. R. Kunz and J. M. Fenton,
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Cs-MoPA(imm.)2te] AFDE 1A/em’el A 24 50, No. 5, 2005, pp. 1181-1187.

o 180VE 7HE f-rskslon HPA A=, 134 6) S. Y. Oh, T. Yoshida, G. Kawamura, H. Muto,
= BARBITA S e S FgEte] & M. Sakai and A. Matsuda, “Proton conductivity
CL-SPEEK/Cs-TPA(imm.)=°] Nafion 1172} ] and fuel cell property of composite electrolyte
S8 AFUE 1A/em A 24 189Ve} dlgtE consisting of Cs-substituted heteropoly acids and
& 783%5 MoPAS AHERH ol] vl 52 41715} sulfonated poly(ether-ether ketone)”, J. Power
A 58S veniglont Bhef Mg Sus Sources, Vol. 195, No. 18, 2010, pp. 5822-5828.

gfste] Hots w, CL-SPEEK/Cs-TPA(imm.)® 7) S. Y. Oh, T. Yoshida, G. Kawamura, H. Muto,

10 st=a4 & AU XIste =28 M22d Mi1E 20114 22



8)

9)

10)

11)

12)

13)

14)

15)

Trans. of the Korean Hydrogen and New Energy Societ(2011. 2), Vol. 22, No. 1

NSE - 5ol -

O

o]

M. Sakai and A. Matsuda, “Composite electrolytes
composed of Cs-substituted phosphotungstic acid
and sulfonated poly(ether-ether ketone) for fuel
cell systems”, Mater. Sci. Eng. B, Vol. 173,
2010, pp. 260-266.

H. Dogan, T. Y. Inan, E. Unveren and M. Kaya,
“Effect of cesium salt of tungstophosphoric acid
(Cs-TPA) on the properties of sulfonated polyether
ether ketone(SPEEK) composite membranes for
fuel cell applications”, Int. J. Hydrogen Energy,
Vol. 35, No. 15, 2010, pp. 7784-7795.

P. Xing, G. P. Robertson, M. D. Guiver, S. D.
Mikhailenko, K. Wang, and S. Kaliaguine,
“Synthesis and Characterization of Sulfonated
Poly(ether ether ketone) for Proton Exchange
Membranes”, J. Membr. Sci, Vol. 229, 2004,
pp. 95-106.

Y. Zhang, H. Zhang, C. Bi and X. Zhu, “An
inorganic/organic self-humidifying composite mem-
branes for proton exchange membrane fuel cell
application”, Electrochim. Acta, Vol. 53, No.
12, 2008, pp. 4096-4103.

S. L. Rhoden and C. A. Linkous, “The opti-
mization of SPEEK membranes using Phos-
PHotungstic acid as a dopant”, ECS Trans.,
Vol. 16, No. 2, 2008, pp. 1461-1469.

C. Amold and R. A. Assink, “Structure-Pro-
perty Relationships of Anionic Exchange Mem-
branes for Fe/Cr Redox Storage Batteries”, J.
Appl. Polym. Sci., Vol. 29, No. 7, 1984, pp.
2317-2330.

F. G. Helfferich, “Ion Exchange”, MaGraw-
Hill Book Co., New York, 1962.

N. Li, Z. Cui, S. Zhang, S. Li and F. Zhang,
“Preparation and evaluation of a proton exchange
membrane based on oxidation and water stable
sulfonated polyimides”, J. Power Sources, Vol.
172, 2007, pp. 511-519.

M. L. Ponce, “Organic-Inorganic hybrid membranes

16)

17)

18)

19)

20)

21)

22)

Hob

NI

HO

with heteropolyacids for DMFC applications”,
Ph. D. Dissertation, University of Hamburg,
Hamburg, 2004.

N. Fujiwara, K. Yasuda, T. Ioroi, Z. Siroma and
Y. Miyazaki, ‘“Preparation of platinum- ruthenium
onto solid polymer electrolyte membrane and
the application to a DMFC anode”, Electrochim.
Acta, Vol. 47, 2002, pp. 4079-4084.

AT, N, VoH, B, FI, P
T, “F-grdg o2 Axw 57138 Pt-SPE
A=Fuje] 547, a3 Aoy A et
3] =4, Vol. 17, No. 4, 2006, pp. 440-447.
Y. S. Kim, F. Wang, M. Hickner, T. A.
Zawodzinski, and J. E. McGrath, “Fabrication

and Characterization of Heteropolyacid/ Directly

113

ol

i

Polymerized Sulfonated Poly(arylene ether sulfone)
Copolymer Composite Membranes for Higher
Temperature Fuel Cell Applications”, J. Membr.
Sci., Vol. 212, 2003, pp. 263-282.

G. D. Yadav and N. S. Asthana, “Selective de-
composition of cumene hydroperoxide into phenol
and acetone by a novel cesium substituted
heteropolyacid on clay”, Appl. Catalysis A:
General, Vol. 244, No. 2, 2003, pp. 341-357.
I Y. Jang, O. H. Kweon, K. E. Kim, G. J.
Hwang, S. B. Moon, A. S. Kang, “Application
of polysulfone (PSf)-and polyether ether ketone
(PEEK)-tungstophosphoric acid (TPA) composite
membranes for water electrolysis”, J. Membr.
Sci., Vol. 322, No. 1, 2008, pp. 154-161.

S. M. J. Zaidi, S. D. Mikhailenko, G. P. Robertson,
and M. D. Guiver, “Proton Conducting Composite
Membrane from Polyether ether ketone and
Hetero-polyacids for Fuel Cell Applications”, J.
Membr. Sci., Vol. 173, No. 1, 2000, pp. 17-34.
K. M. Lee, J. Y. Woo, B. C. Jee, Y. K. Hwang,
C. H. Yun, J. H. Chung, S. B. Moon and A.
S. Kang, “Effect of Cross-Linking Agent and
Heteropolyacid (HPA) Contents on Physicoche-

11



P

0x
ton

Cs" X2t 2 +MllE 3Rt SPEEK/HPA =899 of

mical Characteristics of Covalently Cross-Linked C. Poinsignon and J. Y. Sanchez, “lonomeric
Sulfonated Poly(Ether Ether Ketone)/HPAs Com- membranes for proton exchange membrane fuel
posite Membranes for Water Electrolysis”, J. cell(PEMFC): sulfonated polysulfone associated
Ind. Eng. Chem., in press. with phosphatoanimonic acid”, J. Membr. Sci.,
23) S. Guhan and D. Sangeetha, “Evaluation of sul- Vol. 185, 2001, pp. 59-71.

fonated poly(ether ether ketone) silicotungstic 25) L. Li, J. Zhang and Y. Wang, “Sulfonated Poly
acid composite membranes for fuel cell appli- (ether ether ketone) Membranes for Direct Methanol
cations”, Int. J. Polym. Mater., Vol. 58, No. 2, Fuel Cell”, J. Membr. Sci., Vol. 226, 2003, pp.
2009, pp. 87-98. 159-167.

24) P. Genova-Dimitrova, B. Baradie, D. Foscallo,

12

ro

=24 2 AouXss] =28 M22@ Hi1s 20114 238




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


