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0Caly hoo 0 0C,H;
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O 0 O 0 0 O
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i ' é S;Oa-@

Fig.1-4 Inorganic—organic composite electrolyte membrane for PEFC.

\o /S’\0 S‘\

(a)The endcapped precursor for hybrid formed with polyethylene oxide (glycol) and 3—
isocyanatopropyltriethoxy silane®®

(b)Organically modified silane electrolyte : poly(benzy! sulfonic acid)siloxane(PBSS)'*".
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TRy, #O7Fubh EEEHET H,0 £/2i3 H;0 3 FDEERIZEYD, JIGARE—N
A EURES 7 u by OS5 FRIZBAEIAZLICRETAHDLEZLN TV, &
P KBRS TINT AR, VB ORI TR T =T AR
BONAREREENLTKBERERT LIy VO 22BNV B 7IZEh TR
RNOBRBEITALDOEE X BND, BIF L, BEOE TFIEORAPEID. IKFERE
& hT— RSN, o EEEOE TR SMERDD, Fe, BEIE
FRAHECTOFab EEEOERSOBERAOND,
—F . BFTAIFRIED P SANE OO LA TR OO =ML, £DOTH
MM EMELL T, ST EEICHE) I rh BB HO O TREDHEBILLD
vehicular KEHE R U iE # 7 M B ET A HBRBSNTOER, HEICIESTRLT. €
ADRRAT S T B RIR TR W Cib D,
2.2.2 Fub  EEPATAADOBIREE DA HEME
FIoRL R ES T o EEMEROFND, KRR TIIEATAMNIERL
REEIT o7, BATANT, FR(~100C) THW Tt BB R T WHEORKHELS
na. DA HEE, QKT @SN T AL DX FHZMITHH THD,
VAT T, B BT R ASh OB T LIS AT (MY,
MM)O-ALO,*nSiO, mH,0 CHF S5 (Fig.2-2), TATA DOGEUITIT LM T 72D
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Table 2-1 Low temperature inorganic proton conductors

Inorganic compound o T ref. NO.
[S/cm] [°c]
(a) Hydrate compound type
[Ti(PO,)(H,PMIDAXHPMIDAYH]-nH,0  8.0x 107" 87 10
29-WPA 8.0x 107 20 1
WPA doped SiO, 1.0x107? 55 11
HySbsP,044°nH,0 56x%107 20 24
H,UO,PO,-3H,0 50x10° 20 25
Ta,05°nH,0 40%x107° 20 16
H,Ti40y*1.2H,0 1.8%107° 40 23
Zr(P,0,)g5:(03POH)g 35 2H,0 1.3x10° 20 7
Sn0,-1.77H,0 1.3x10° 19 6
Sb,05°5H,0 80x10™* 20 15

(b) Hydrogen bond type

(NH)H,(Se0y), 19%x10° 125 27
NH,NbWO, 48x10° 60 35
CsHSO, 31x107 190 37
B ~Cs4(HSO,),(Hx(P,S)0,) 1.3%10? 125 33
Csy(HSO,),(H,PO,) 6.3%107° 119 34
CsDSO,(PO,~doped) 6.0x107 162 28
Al,;~SnP 30x107? 75 36
H;0,Ta(PO,), 13%x107° 20 32
Aly-ZrP 3.0x10™ 25 36

(C) B _A|203 type
Hydronium— 8 “~Al,0, 50%107° 25 39
NH,H,0- B “-AL,0, 1.0x107° 300 38

(d) zeolite type

Sn-Mordenite 6.0x1072 120 51, 52
Sn-Y-Zeolite 09x107° 116 49
H-Natrolite 30x10™ 20 53
Sb,0,-Mordenite 12x10° 29 41
H-ZSM-5 1.8x107° 312 40

(e) Glass type

alkali—free ZrP 1.0x 1072 20 57
40Ti0,~60P,0; 1.0x1072 68 55
Mg(PO,), 50%x10™ 27 56
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Fig. 2-1 Arrhenius Plot of low temperature inorganic proton conductors.
1: Nafion, 2: H,SiW;,0,,°28H,0, 3: ZrP containing —SO;H-5.9H,0,
4: H;0UO,As0,3H,0, 5: [Ti,(PO,)XH,PMIDAYXHPMIDAXH,)]-nH,0
6: B-Cs,(HSOL,(Hx(P,S)0,), 7: Sn0,'nH,0, 8: H;Sb,P,0,,°-nH,0,
9: Ta,05-nH,0, 10: CsHSO,, 11: H;0 — S-alumina,

12: Sn—Mordenite, 13: 40TiO,~60P,0;
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Fig. 2-2 Framework of aluminasilicate.

Table 2-2 Physical properties of the zeolites in this study

Zeolite Si0,/Al,0,4 Pore diameter Surface area
[mol/mol] [nm] [m?/g]
Y-Zeolite 6 0.74 515
Mordenite 18 0.67 x0.70 395
Mordenite 240 0.67x0.70 460
ZSM-5 23 0.54 300
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2.3.1 ERFE
2.3.1.1 BEYAIA DR

AT, b BB EE BRIC, DT ab BREFT AN 9FMY
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L HERIBAE S T D, E-/ub EERLL TOREFSRLEVELT AL
Thib, BT T FAMIOWTIE, 418 Si0,/ALO, E/LE 18 LT 240 D 21
IZOWTHRETLTZ, éioz/AlzoS HOBINEA 4 RHREBEBIOEERBORDIC
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(a)
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S——

K
f
i
! 1
A8

Fig.2-3 Structure of (a)Y—type zeolite, (b)Mordenite, (c)ZSM-52".
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MAALAVBLOTG A AT TERENAZ R ML % (Fig.2-4), ThEID
AR ICP PIEDFE R, Wb 90%2 B X TWAZEEHERL TV D, BA
SANE SN F AL BT BT, R2ANTTRTLHREMA F AL DAK SR
s T uh OERSEIFFSND ¥,

La(H,0),** — La(H,0),(OH)* + H' [2.1]

DNDARIEHIENLT F AR, N. Knudsen HDFHiEEBEIZFHRL 72 (Fig.2-5),
Sn( MDA 53RIE pH1.7~pH13 DL TR IS0 ¥ EMHAENE L 2SR
EEFIBTAIENTERY, ZZCTARME CIIEMAR GG RMIE)ZFIRAL ., R(2.2]
TRINARIEEBE LT, EAT FANDAXEM TV, BT uh BEME AT
DOFBIE B LT, RO-EHEPDR2.3UHENAL AREE of S/cm]2FE L

7
200°C >380°C-Air
2$nCl,-2H,0 ~— 2SnCl, — SnO,+ SnCl, [2.2]
o=1/R(1/S) [2.3]

R: REHEHUE. | . EEEERE, S SRmHE

2.3.1.2 A A EEBRHFE

VAN RRE 2 ST TEE 20mm, ESH 1.5mm DRy MIRFLIZHE,
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FUBEIZRE, 0.03V~0.5V OEFH TR EL, BIEIT=IR, FHXHEE 100% D5
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NaY-Zeolite was boiled 3h
in deionised water

Immersed in 0.5N NaCl soln.
for 24h at r.t.

Exchanged 27 times—24h at 100°C
with 1M LaCl; sol. using 10-fold
excess each exchange

|

Washed five times with each time
in 11 deionised water

I
| Washed by 100ml EtOH

Fig.2—-4 Preparation procedure of cation exchanged Y-type zeolite.

H or Na—Zeolite was mixed
with tin( I )chloride dihydrate

Dried in vacuum for 3h at 100°C

_Heated 20h at 200°C in vacuum

Heated 90 min at 420°C in O,

Washed five times with each time
in 11 deionised water

Washed by 100ml| EtOH

Fig.2-5 Preparation procedure of tin modified zeolite.
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TV EHUEIEE A cEEMIThs S RA L, £, /A XOREZH
B, BB OEIRIZ /A A7 44 —(NF Electronic Ins. NT-500)& L 72,
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SnCl,+ H,0 — SnO + 2HCI [2.4]
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BRINT,

Fig.2-T@IC & 7 ah BB YA SA DA AV BEEL T T, FEFTTAhED
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| H-Y-zeglite

zeolite

-Zieolite

Na"™-Y-zgolite

Sn-mordenite R=0.7
Sn—-mordenite R=0.3

H-mordenite

Sn—-ZSM-5 R=0.7
H-ZSM-5

Sn-Y-zeolite R=0.7
H-Y-zeolite

Fig.2-6 X-ray diffraction patterns of (a)cation exchanged Y-type zeolite,
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Fig.2-9 Effect of R value(SnCl,*2H,0/ zeolite) to lon conductivity measured
at 298K in tin modified mordenite.
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Table 2—3 Surface area of tin modified zeolites

Substarte R=SnCl,-2H,0/zeolite Surface area [m”/gl /@

before Sn modifiedD) after Sn modified:® %]
H-mordenite(Si/Al=18) 03 394 282 72
H-mordenite(Si/Al=18) 0.7 394 218 55
H-mordenite(Si/Al=18) 1.3 394 238 60
H-mordenite(Si/Al=240) 03 457 314 69
H-mordenite(Si/Al=240) 0.7 457 234 51
H-mordenite(Si/Al=240) 13 457 249 54
H-Y-zeolite 0.7 515 347 87
H-ZSM-5 0.7 299 237 79
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Table 3-1 Polymer binder and its solvents in this study

Binder Solvent

PBI N,N-Dimethylacetamide
PVDF N-methyl-2—-pyroridon
PTFE water (dispersing solvent)
HSBR toluene

Mixing HSBR/toluene sol. and
zeolite/toluene sol.

I

| Stirring the solution for 2h |

|

Dispersing the zeolite with a ultrasonic
homogenizer for 10min

| Stirring the solution for 30min |

I

I Coating the solution on a glass substrate |

I Evaporating the toluene at r.t. |

L. Heating at 40°C for 1h |

I Peeling off the membrane |

Fig.3—1 Preparation procedure of zeolite—HSBR composite membrane.
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Fig.3-2 Photograph of a mordenite—polymer composite membrane.
(a)HSBR, (b)PBI, (c)PTFE.
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Fig.3-3 SEM photographs of H*-mordenite~HSBR composite membranes.
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Mixed with HSBR/toluene [ zeolite/toluene sol. |

and KBM-803
Dispersed the solution
with stirrer for 2h
Dispersed the solution with uitrasonic
wave homogenizer for 10min

Dispersed the solution with stirrer
for 30min

[___Put the solution on a sbstrate ]

Evaporated a toluene at rt.
under atmosphere

[ Heat at 40°C for 1h ]

[ Peel off the membrane ]

Fig.3-4 Preparation procedure of zeolite-HSBR composite membrane using

W |k
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Fig.3—6 SEM photographs of mordenite-HSBR composite membranes with various dispersing

materials. (a)KBM-803, (b)CB301, (c)L-1004.
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3.4.2 FERLEBE

Fig.3-8 i3 uh BRENL T FAMBLOIN ST LA 25 Y BIPATAME

NENOHSBREGEEZ | Bl B LIOHEBESEH T TRELAZ EERTHD, &
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Fig.3—-7 A schematic of the cell for membrane impedance measurements.
1:Teflon block, 2: Pt foil, 3: Electrolyte membrane, 4: Pt black(Electrode area)

5: R.H. adjustment window.

53



BEG T TOAAVEERPEREHETITH S 1 HTHEREWIER 5oz, B

IR T A AV & BEDEERAL LV BREEE T, 2, BATAMPIZITH
B AR A AV BFEL RV I LEBRLI-L &, |RTAA VHEBEBRIKOZE
R REZ T2 EF BEEOERAA LV BEREN T ah THHZEEREL TV

30
°

—7 . Table3-3 \ZIZHFEY AT A M-HSBR BEBEDO RN AT RER D7D
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Fig.3-8 Effect of the wet condition to the ion conductivity in zeolite-HSBR

composite membrane.

Table 3-3 H/D isotope effect in in zeolite—-HSBR composite membrane

Sample Conductivity [S/cm] 0 w20/ T b20
H,0 D,0
Nafion 0.020 0.014 1.43
H-Mor(18)/HSBR 0.0000019 0.0000012 1.58
Sn-H-Mor(18)/HSBR . 0.0000042 0.00000018 (23.3)
Ca-Y-Z/HSBR 0.00014 0.000081 1.73
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YT 25 ZAERL, Fay ML T AT MBS N, AEAEOT T
M EERE R M A RS20/ BAREL T, £D— DA ARE A5 DFEFR
REF DT EDR T OIS, HERDAF AEF v jNELTE B TAMRLF (N
NNEBATARHSBR RED ZD%EZHIENTEDLD, MAIIIIT, ZDT b
NREIIKE WD) ENENDAF AR E OB FIRERIZZEH 2720 | WSy
DOREIBRESERSTIENEZLND, I—2OBBALLT, /A HEKTHD
PAIA ML T BB EAREEEZRFOIENEITOND, (A BEERICBILFHE
BROBELHRATHIELL T, Linford®*" 232" 3 5”C.P.E:Constant Phase
Element”% FlV2Z LR TEB(RI3.2]), ZHITBEE OEMEIFE DX v/ 2 2 A5y
%, FBRMAZ B L2/ T A—F —p:constant phase angle element (ZEE#Z DL
TVAC AU —F AT ay hDOZBZHAT LD THH(Fig.3-12), 0 C.P.EZ
EELUI-A L —F VAT 0y M Fig.3-12 IZRLNAINCE B FR O IMOELE
JABRDA A7 ZRHREL | Fig.3-11 OBEEROALE—F U RT 0y MGEOAR
ERTIEND, KBTI BRI TEL TODIENGh 0T,

Z, = k[cos(p.n/Z)— jsin(p:r/Z)]/w" (3.2]

£ 7ab BEEATAMBIUARERHENLT FAID v SX T HSBR &
BE(EATANEH B 8Owth) DA A HERE Fig.3-13 17§, Tub Bl Y BEA
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P RoH7-(Fig.3-13(b). BETRALIZHEI A A EERDILTIE, BANE - BKMER
CEIRRENDEAFTAMREDOBIEITER +5 AT ML F/HSBR REREDE
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Fig.3-11 AC impedance plot of Sn—-H-mordenite—-HSBR composite membrane

containing 80wt% zeolite particles at 298K.

_Z” ;
—{ cpef—

i
i
\
[
i
i
i
[

cp32

P,m/2

C
/ ;j
P27l'/2 ;

Z’

Fig.3-12 Depression of semi—circle and tilting of spike caused by replacing

capacitors by constant phase elements.
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Fig.3-13 The ion conductivity of zeolites in the state of pellet and HSBR

composite membrane. (a)proton substituted zeolite, (b)tin modified
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Fig.3-14 The ion conductivity of zeolites—fHSBR composite membrane.

(a)proton substituted zeolite, (b)mordenite(Si0,/Al,0,=18, 240),

{c)tin modified mordenite, (d)cation—exchenged Y—-type zeolite.
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Fig.3-15 Water and methanol uptakes of the (a)multivalent—cation exchanged
Y-type zeolite—, (b)proton substituted zeolite~HSBR composite membranes. All

composite membrane contains 80wt% zeolite powder.
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Cell voltage [volts]

Table 4—1 A MDU vyield using perfluorosulfonate ionomer as catalysis

perfluorosulfonate ionomer MDU vyield
—[-0O-CF(CF3)-CF,~]m- (%]
m=1 8
m=0 30

—(CF2CF2)n (ClFCFz)—_
(OCF:CF-)mOCF.CF2.SO:H
I

CFs

Fig.4-1 A structure of perfluorosulfonate ionomer.
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Fig.4-2 Performances of Dow and Nafion membranes.
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Fig.4~3 Infrared spectra of pyridine on proton substituted zeolite.
Coordinately bonded pyridine (1450cm™) is related to Lewis acid, and

pyridinium ion (1540cm™) is related to Bronsted acid.

Table 4-2 Hammett indicator in this study

Indicator pKa base—-acid color

Methyl red : +4.8 yellow-red
4-Benzeneazo—-1-naphthylamine +4.0 yellow-red
p—Dimethylaminoazobenzene +3.3 yellow-red
4-Benzeneazodiphenylamine +1.5 yellow—violet
Dicinnamalacetone -3.0 yellow-red
Benzalacetophenone -5.6 colorless—yellow
Anthraquinone -8.2 colorless—yellow
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Fig.4-4 Ion conductivity of composite membranes measured at 298K as a function of

acid amounts measured with pyridine-IR method. The solid symbols are related to

Brénsted acid amount and open symbols are related to Lewis acid amount in various

proton—substituted zeolites. All composite membrane contains 80wt% zeolite powder.
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Fig4-5 Proton conduction mechanism of (a)proton substituted zeolite,

(b)cation—exchanged Y—type zeolite.
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Fig4-6 Ammonia TPD spectra of proton and multivalent—cation
exchanged Y-type zeolites.
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Fig.4-7 lon conductivity of composite membranes measured at 298K as a function
of the amount of desorbed ammonia in various cation exchanged Y-type zeolite.

All composite membrane contains 80wt% zeolite powder.
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Fig.4-8 lon conductivity of tin modified mordenite-HSBR composite membranes
measured at 298K as a function of a Bronsted acid amounts measured with

pyridine—IR method. All composite membrane contains 80wt% zeolite powder.
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Fig.4-9 Ion conductivity of tin modified mordenite-HSBR composite membranes
measured at 298K as a function of the amount of desorbed ammonia. All composite

membrane contains 80wt% zeolite powder.
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Table4—-3 Relationship between the solid acidity and ion conductivity of zeolites

Zeolite Acid amount*1 B-acid amount*2 Ion conductivity
[umol] [ABS/gl [S/cm]
H-Y-Zeolite 1190 1.0 4.2 E-08
H-ZSM-5 1110 13.6 3.7.E-07
H-Mordenite 1310 21.8 9.1.E-06
Zeolite Acid amount B-acid amount lon conductivity
[umol] [ABS/g] [S/ecm]
H-Y-Zeolite 1190 7.0 4.2 E-08
La-Y-Zeolite 1560 15.0 2.6.E-06
Ca-Y-Zeolite 1970 3.4 8.2.E-05
Zeolite Acid amount B-acid amount Ion conductivity
[umol] [ABS/g] [S/cm]
Sn—H-Y-Zeolite 860 6.0 4.6.E-07
Sn-H-ZSM-5 980 100 2.8.E-06
Sn—H-Mordenite 1140 7.6 5.6.E-06

*1:Ammonia—TPD Method. *2:Pvridine-IR Method

Table4—4 Relationship between the acid strength and ion conductivity of zeolites

Zeolite Ho Ion conductivity
-5.6 -3.0 +1.5 +3.3 [S/cm]
H-Mordenite - + + + 2.0E-06
H-ZSM-5 - + + + 3.7E-07
H-Y-Zeolite - - + + 4.2E-08
Zeolite Ho Ion conductivity
-5.6 -3.0 +1.5 +3.3 [S/cm]
Ca-Y-Zeolite - - - + 6.2E-05
La-Y-Zeolite - - + + 1.4E-06
H-Y-Zeolite - - + + 4.2E-08
Zeolite Hq lon conductivity
-5.6 -3.0 +1.5 +3.3 [S/cm]
Sn—-Mordenite R=0 - + + + 2.0E-06
Sn—Mordenite R=0.3 - - + + 5.3E-06
Sn—Mordenite R=0.7 - + + + 5.6E-06

Note. + : Acidic color, +: slightly acidic color, — : basic color.
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Fig.4-12 The models of zeolite surface.
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Fig.4—13 Ion conductivity measured at 298K of
H-mordenite(18)-PWA-HSBR composite membrane.
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Fig.4-14 AC impedance plot of H-mordenite(18)-PWA-HSBR composite
membrane at 298K.
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¥ 5E A TAMH Nafion o {ERLE DMEC R BB~ DS
5.1 #E

NE TR - M EL C& 72 ¥4 54 —HSBR BEBEDORELLT, TarEE
HOBESEEATA MBI LEOHBARE DRSO = S 85T bs, iE
@ﬁ’iﬁ%&:#i/§4yéf~&ft’fﬁib\573‘397**&:7“:1%‘/@’%%%%0&“%}%%{} A+a2
EDZT DI, BB ORI RN~ — DR A BRSO TA (22—
SOFEIEEROBRAGERET NG, T2 CRECIE, ZRECOEFT A —
HSBR B EROBRAEEHEER L, LICELZ(BCAiE D)V EA DK 5% HIRT
EDOMEDEEFE LRI,

BB ATREEL T, AT A MRLF % Nafion JEH Z A BIL - AR 245, 7 ak
VEBRTHD Nafion (IZ7 B EERAE OV T/ M FE BT AIET, HHi
7B MARETF v R (R N — IS DA RO EEROM LA BT,
7o, BATANRE OB REKODRERT D0, BREHE T COTaky

EHERAMFEL ., Nafion FREDMEBELLE AT,

5.2 AT A8 Nafion ED/ERL
5.2.1 EBR L

5.2.1.1 BUfEHE
R.B. Moore & VIzkoTHEIN TV 5 “solution-processe {527 AL EA
DYESI S 1 79% Fig.5-1 10T, MR SwtéNafion ¥ VK (Aldrich)Z[FI&D DMF
(N,N-Dimethylformamide) I~ FT & B DE AT A MR F 2 A BLTE VI RTAYI A
B 15 BB LT, TEEBICT (A — R ERATOTAY T 15 iR
HRL P54 My 8k DMF s U, A7 A M5y B DMF e SwikNafion v
WaRAL 1 BB T, BLNTIRETRE Y Y —VITBL, “hERyEL—hE

& BO°CIAIEAL . TR SwitNafion FEROEHL ClpH=s /—/v [KETRFESTL. ©
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D, Ky b —r% 130°CIZHIRL DMF 2RI W7o, FIROE I 45
SRELURBBEYFERREL, BONELEEKPI—BEREL, v v—L
DO FIBER . BEARKFIREFETD, 2. H#8BOBRLBIZOVNNTIX
Fig.5-2 \ZR$ HEEZRMHLL,
5.2.1.2 BURFHOBRES

RIER M DER I G X D BERDH1-DICLLTO 5 DOEBIZ W TR
{77,
()78 ¥ VAL DMF BEXWVEG BHROZE

Nafion B HETHEK/ Z /) —NDHEROZEEE, BHRBETHD
DMF:N,N-Dimethylformamide(b.p.:153.0°C) %2 U} EG :Ethylene Glycol(b.p.:197.5°C)
THK/F ) —NEBBRUIEEE BT D,
(b)DMF ZARIEE DRE

DMF DOERIREZ, Rl TO 130CLREMPRETHERESNTND
150 COENEIUCHREL BT S,
TN LAF U BEROZHE

Nafion DRNVKRBEEEFTNIT LAT L TAF RS HZE T, Nafion DERAlE
MEREEIHIL IR E O, BB~ DR LRI T2,
()FmEiEEROZR -

Nafion-PTFE BBV TR PHER SN TS FEIEMEAICN Triton X-100 :
Octylphenoxy polyethoxyethanol)% A<# & B~ 35,
() BF T EFTROEE

YA IANER E% Iwth~80wthDEFH TR 5,
5.2.1.3 THEKMEEER
| % 100COBEAIC 6 BRAE T BT LI R BB E T T, BULERTA
DEEBEIBIUNBEIET S, IOICBNERZ DOEE 5| -mRDABRL | #HH
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Mixing Swt%Nafion sol. and
zeolite/DMF sol. in sharre

| Stirring the solution for 1h |

Evaporating the H,0/EtOH at 80°C

[ Evaporating the DMF at 130°C |

| Vacuum drying at 130°C |
|

| Immersion in water at r.t. !

| Peeling off the membrane |

Fig.5—1 Preparation procedure of zeolite dispersing Nafion membrane.

| Boiled in 3% H,0,aq. for 1h |
I

| Boiled in deionized water for th |

I
[ Boiled in 0.5M H,SO,aq. for th |
I
Rinsed in deionized water at 60°C
for 30min repeated 5 times

| * Stored in deionized water. |

Fig.5—-2 Acid treatment zeolite dispersing Nafion membrane.

94



SR & R L 7=,
5.2.2 fERLELE

“solution—processe” 12 Lo TIERIL 7z Nafion R LTV 10WYDENT F AN E
AHL7- Nafion LDEEB(S%“10wt%E/LT FAb-Nafion " LR TD)DNEE
Fig.5-3(a), (MIZRT . RFABIEICIVIERL 7 Nafion FE(100%)iZ >V TIXTiER
Nafion117(Aldrich)* R D5 | > IRVEREEFFOZEN M0, Fiz 10wthE/LT FAb
~Nafion FEIZ-DV T Nafion LR & DIEFREMEZ ST LNHH 0T,

BB S (a) ~ (AIZ DWW TR BTL 7245 R, A solution—processe EIZBITHRLE
TR B AR RIB ORI BICH DL R otz B REERERROESE
X, BAZAhE Nafion 3HLBELE—RIREBRLZEBNTERho7(Fig.5-3(c), —
. @R OREIZ OV TS DMF B8X O EG ZRETL7Z#E R, DMF v =k
EDH, TR TH—RBEREEB/IZLBARETH o7, ZOJRED—-2IZ, Nafion
DI BB 5T 2R B HET DD, BH Nafion OFRITOILV DR —~O=
TENR—ar-Q@F NMb—@EEE ., D% L 5)3(Fig.5-4). B REEE v
B THEIBRBOETIEONICRY | B+ ET T 52N TFREND,
B EEEDOLS —ODZELL T, Nafion D+ 82T 55, DMF 1135
BROBEBIEALETHY, Nafion ZER-FHET TH+DICBEMRTHILNTES,
—J7 . K/ B =)L, iR E T TiX Nafon 28T HZENTET BAKME
BOBRIZB VO TEATA ML FFEIC Nafion ¥ —IZHHL TORWIERE 2 bh
%o ZDEHIZ, Nafion DIEIRMIZESEATANOREFRES] (BATFA ML T ~D
PR OF LB SRR A OKREBHRLEZ NS, — K7, EG 2 AVVZRE,
B ~DNRE S EIOER TIIRAZLEN TERA o, DMF LHEBLI=LEDH
FEROBEIBREVRRO—2LEZLNLY, HEENFEBAIRDRE LD
RE 3% > 7= (Fig.5-5),

DMF B ECHN T LA F U BROBBEMEA~DEBIZOWTIL, EOSRET
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Fig5-3 Photograph of the membrane prepared by solution process technique.
(a)Nafion, (b)20wt%Mordenite—~Nafion using DMF for solvent,
(c)20wt%Mordenite—~Nafion using EtOH/H,0 for solvent.

96



® &fﬂ/ &7{&{@

2N AR
e SN ey
//)i N S DA i&x

& Eﬁ/ \T{gx}i/

¥ b

Fig.5~4 A model of solidification of Nafion.

(Dformation of micelle, @progress of coacervation,

@progress of gelation.
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Fig.5~5 Photograph of 20wt%mordenite—Nafion membrane prepared by
solution process technique using EG for solvent. (a)130°C, (b)150°C
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T BB ABRE BRI LN TE, — 5, FEEERIODRIIOVTIE, FETE
HEIZINZ AL TR S E(L L, ZhUd, 3 # 3.3 TOEATAM-HSBR #EE
ERLBRE THL RONERTHY , AR TR EEER(DEADODRE A
TV, REEMEFNIEATA A F —BOREERD | KREDR EICH
BHTHHEELIZ, ZEBOEATAERATELAREMNE RO, LA L, A4 nEK
DREEREZDAEMLEETE T, ZOF ML EO SR OBRNPLETHD,

A IANEBRIZOWVWTRELIZER., B4 5 60wthE TRATDOILHA]
BETH Tz, L L, BRI DWW T, BEATAMNEF R 40m% I BTN
REET L2720, BREEEEL THIATED ERD 40wth THEZ LD 5307,

2 BURE S AE D BB TR EE ~ D BA R~ DHT-DIZ, (FRLI-E SR B
B4AZLETHML ., Bl RSO % B L7z, BUKLBEORER. WThoR
B CERILZ RS | R EMEHERF CETQNDIEB D 0T, ZORERM
5, BAT AP # Nafion IROBBERESRAFERTELT(Fig.5-1). $720H, DMF #
RBEZTINAX—BI/NEIE 130°CIZRREL ., EbIZT b AR BICERRE RIE
THEEMEDOH DT NT AT U RZHBEITORNZEELT,

5.2.3 £&¥

P54 b4y B Nafion FED fERL S £ 1L T “solution—processe” 5% AV V2 #ER, £
FTANBPE =BT B DR FROERAN R o7, Fo, AREITE
ATANVERRE 60whE TERODIIENFRETH o7, REEEIZENT, BELE
YA TA M8 Nafion BEZBHEMLL T, &b AEH DMF O A OREPRE
VW2 Ay hy o7z, DMF OFIFIZEY, Nafion DIEAEMENH L3 2LEHI2, IEADD
FNAL~DIBIEDFECHNIHEIT THIE B HERIZIND,
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5.3 A EEMIME
5.3.1 ERFIE

3.5.1 LEHEDHIETEESBEIC SOV TOA A EBREHIELT,
5.3.2 fFEREER

Fig.5-6 |Z Nafion 33 K T 5wtt, 30wthE/LF F - h—Nafion JKDE AC A —4
VAT N, TEAT A MESEPIZIX, Nafion BELOEALT FAMDZFE
DA EBENRSENDZD, TNTICERRTE - SOAA MRERBFET
BHRMBEMENRE 2 bz, L, A7 ayMIE—2D¥MIILARONRNIEND,
BIVEE T OEFEIE— 2 THY, HEKD Nafion DAFARERED | REGIED
AT ANEERE LU THEEL THAZENRE 2 OND, Tz, D BEGWthLL T)DOEBA T A1
DIRATIL, Nafion DA A NRERE REIGIT HTEBENZEL 5007,

Fig.5-7 {27/ ubr BRENLT TAMBIUORAXEMELT TANENENDER
BERERTROBEEEDAA L HERETT, MEGRLLICEA 7 MERE
D 10wthE B L F & A4 EEROKRIBRMET B RAONI, —F  RATHEAT
ANEOEBIZOWTIL, BB EREWAF L EERELEFOZAXEMHENLT T A
(Fig.2-8)& AWV L ED RN KEL BT SWhDARXEREN T T A EHTD
HATEIX Nafion(100%)Z B X BB A A BB LR LR LI (Fig.5-8), RAXEME/NL
FF Ak —Nafion RIZEWT O EEENELN/-EREL T, Nafion (ZTT 2k
DAGEAHE Z Bk 75 AF—"19(Fig.5-9) B BR{L ARk TR D OH Z '"(Fig.5-10)
BEELL TWBZLRTFTRINS,

AF L EEROELEN->T- 5wth XA XEHiE /L F F A h-Nafion BRI
Nafionll1?7 D7 L=y A7 ayb% Fig.5-11 {TR 7, & [5. 1RV, BEOTEM/LT
FNF—Ea RENFR 25.9k]/mol BLTR 17.1k]/mol THAZEN o7z,

of = A exp(-Ea /RT) (5.1]

100



7"

300

250

200

150

100

50

Fig.5—6 AC impedance plot of H-mordenite—Nafion membrane.

0.01

Sn-mod:iﬁed Mor(:i'enite—Nafﬁon

0.001

lIon conductivity [S/cm]

Illlllllllllllllllllllll

0 10 20 30 40 50
Zeolite contents [wt%]

0.0001

Fig.5-7 lon conductivity measured at 298K as a function of the
volume content of zeolite in H-mordenite or tin modified

mordenite(SiO,/Al,0,=18)-Nafion membranes.
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Nafion

5wt% H-Mordenite
—Nafion

5wt% Sn—Mordenite
—Nafion

0 02 04 06 08 1 12

Relative ion conductivity

Fig.5—8 Relative ion conductivity of proton substituted

zeolite—Nafion and tin modified mordenite—Nafion to Nafion.
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Fig.5-9 The ion cluster model for perfluorinated ionomer membrane'®
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Fig.5-10 Schematic representation of the SnO, * nH,0 structure'”.
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i Nafion 117
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Fig.5-11 lon conductivity of bwt%tin modified mordenite—Nafion and Nafion117.
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Nafion F~DEATAMNREADBHIEL T, A4 ABEIZRIZTKOEEOER
BETFHND, 2, b EEEOKRIBRETICEDSS Nafion DEIFEMEEZ YA
FANROYBREKERNHZLTHHT RN HD, MEOKBPFET HEME
TTOHEEBEBRIRIEITELFTANDIRBRADRELZHRTZDD Figh-12 TH5,
Fig.5-12(b)iZ Fig.5-12(a)> Nafion 33418 10wt%Sn-Mordenite-Nafion B 7 r M
BEIRLIZHDOTHD, AREMENT TAM 10 wthB LD 50wthE Te+571C 8
L= A S, 50°C, fxHEE S0%DEIRIEREICHRER ., SEEEDO A4 E
BEROREEERE L, TORKR, EATFEFROBVESEIZL . REE
B PRB AR KOO EE RELZITHTEN 43030, —F | Nafion (20 Tid,
BOMERKIZHL THETHY  MERKDFEICLDAM A EEROYWEITRD
nigdolz, . Zhdh, BE OBMEBRETICBWT, B 7/ M aBLIEE
53 Nafion (T~ ERIRDOEEE Z I D BOKUMFIELLRNVERETTh
BT EERP R OIENEZOND,

5.3.3 &0

AREMLT-E VT F A M Nafion HIZ 5wt%h~10wt%53 B SH5HZ & T Nafion L[H]
ENFNL EDOAF L BERNBELNDI LB Dol o, BATAMD 58I,
Nafion DR ETHAIGLBEM T TOAVEELROK T EMH TR EHOTL
BbhoTz,

5.4 WptEEFAlE
5.4.1 EBRFE
AZ ) — VRS 3.6.1 LRIBRDF i THAML7-,
5.4.2 fERLEE
Table 5-1 2 ¥4 5 A 38 Nafion BED K I L TAZ / — VIR OFE R A7~
F, WO A Nafion [ZH DAY ) — LV ERINTHI LS, AEABIC
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Fig.5-12 Time—course of the ion conductivity of tin modified

mordenite—Nafion.
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AZ ) — R HEE T HBEEN BN ENR D 0T, ZOFREKELTIL 3.6.2 TOE
BLRILL, EAT HFAIORILREAY ) — NV FROBRICERTAZENE XD
o,

/LT A M-Nafion REIZAY ) — /BB MEITOMEREM 535123 LT
FTA D ILEREBE L FEMICIVR R THFEREZLND, LHL,3.6.2 T
PDERDBRONIBMHF A TAF R TDHHEL, A BRI T ah &
ERDETR Y MELFFAMIEREAT FAMDAF U R BRREDIRS /2 Y OFREH
»D, Flo, I I TV THEITOENT FTAMNREOBKLAAEELE 2 DA,
Nafion LDOMEERAZEZEELRITNITROTIRPHF TERVOBBRTHS, =
DI, FEERTOAZ ) — VR BEIHNZIL, A4 EBLEELREL T A
REDLFEHORNPLELE ZLND,

5.4.3 ¥&

EVT T A M-Nafion BIZ AL ) — VR EMHI O REFERR S DL TR 0T,

ZOFRRELTIK, EAVT FARBIOREMENLT A OFDMILENAY ) —
VA FRERTREWEDIZ T HEBRFHEDSBREL W IR EIT BN D, o THE
BREFEZFIRA 3572113, Fl-e B4 T MRADLELEBRAI R TH D,

5.5 FEE RV
5.5.1 EBRHGIE

EfFE KL EM(Electrochem. 1mg/cm® BRI —R_—,—)% 135TC,
100kgf/cm?, 2 3D ST THy 7L AL, MEA(Membrane Electrode Assembly)%
TR 7-, MEAZ BBV A2y 7 (BRBEETE 2.2cm X 2.2cm)ZEyRL, T0°C., M@ 54t
T CREMBIZII AR L, BRBIIIBRLBRA LR ERBR (OB TMZT o7
(Electrochem. FCT-1000 Series Fuel Cell Test Stand), BAREMIZIZ A EER
DELED T SWwthARERTTE /LT F A FNafion fEA BV =,
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Cell potential [V]
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Table 5—1 Methanol! uptake of proton substituted mordenite—Nafion

H-Mordenite[wt%] Uptake [wt%]

H,0O  MeOH
O(Nafion) 13 53
5 13 "
10 14 74
30 11 73
50 10 74

....................................................................................

Na’r'on 117

Solutnon—proces

....................................................................

IllIIIIIIIIIT TTT

1 1 1 1 l 1 L 1 1 l Il Il 1 1 l 1 1 1 L I 1 L 1 1 I L 5 1 1

0.1 0.2 0.3 04 05 0.6
Current density [A/cm 2]

o

Fig.5-13 Polarization curves for the H,/0, fuel cells at 70°C.(Conditions are

not optimized).
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5.5.2 FERLER

BRI EEM 996mV BRLIZZEND, BB B BB T AZANE THHI LN T
W T&7-, Fig.5-13 12i% SwthAXIERE /LT T h-Nafion IS L U solution—process
W CERIL7= Nafion, $7-U7 7L AEL TRV Nafionl17 O3RN T,
FRSFEILEE % Hvd Nafion117 385U solution—process & CYERIL 7= Nafion & H#R
L7=&% solution—process 1 THERIL 7z Nafion I¥ Nafion117 {2 5B K& D>
72 X512, SWRARERTE /LT A h-Nafion BEIZ OV T, EDERITHL TH
AW BT TR RS-, solution—process & CIERIL 72 Nafion & Nafion117 D5y
S DBVNT, Foh EEROEICERT5HDEE X b1, solution-process {5
L LD EBID Nafion D4y FHEE DR E-CIEAIE ORBELAIICHE TS Nafion &
DIEEF EDORETAMEETHS, LA, solution-process #THERL - Nafion (2t
RO AFVEEROBEST- SwhARERFE/LT F A h-Nafion BETHRbIRBKE
Mol FREL T, ZO—2EL T, BRERLBEEOREGEEIEATAMLT
REEL., RECOEINKRE o2 B E T oD, ZOREELL UL, BEE
FEIZ Nafion BB LTHRA TOENE TIF2HEENEZLND,

5.5.3 &%

BLE WAL BERE R SwthAREMTENT F A F-Nafion FRIZDOWT,
PEFC BN &tk T CRERBREZIT oo R Nafion (T AR RENZERZ0>-
7o TOREELLT, ER-EMEBAT COYATAMIFIZLHEROB R Z X
il 5%, BABERE ~DH Nafion BOHRY ., AL FIROEAT M FHVic
BEEDIER L E OB RBRLETHD,

5.6 F&H
PAIA NN ESEDOA A EEROR LA BRI, ab BEEETHD
Nafion FIZ B A TA ML T 52D UTI-2 4 7 DESEZER- Tl L7, AEE RIS
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.

Wb S YA DMF % AV = “solution-processe” % AV A Z LT AERISATRE TH -T2,
FESEOEMLL T B &SNS 7 abh EEMICOVTIL, SWwihARERIEN T T
A h-Nafion fiZ, Nafion 282 5@\ 7 a b EEMHB RO, SOICHERERGTTO
A A EEML Nafion DENEBLBELDTHoT, —F . BELEL AF/—VERE
DOMFIR S BIFED M _ LR BB THS,
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AR, T HEBETHLIEL TN @A F A —2 AN THERLE
BEMED, FRETEAY ) — VR B EREELL TORTEEEIZ OV TR
LIZbDTHD, BATAMIONWTIL, Bx DILFEMEITIZ L TH I ah HES
DREBZ BIEL, HEBLITAWD A F—IZOWTE, b BEFL o
FARBEROEAL L —E WV BIE TS TANOFROREOFI HE BRI, %
B AL =8 TA DT a b BEICETORRIR /LT, T EnR
R AERIL T, MM B E XY 2T 4 MBI IV E S T 528 TR B CARFFE
YRR, A4 EEEZIILDHE TS DMFC FEMREREEL CORMEFMEEIT o7,
KETIL, FEOFRERIEL,

% 1 EIF#HITIX. DMFC BEMREEOMFTHEEOEIMEZTLD  KFEICE
FBHERERLT,

% 2 BIEA 7D DMFC REFEME~DEA | TiX. DMFC TOF) A% H
HNZER T O EEEDRI)—= 0 54TV, BATAMIHE B URET R To72, ¥
AFAMNUIMEAEMICL DB T b BEEORBEIILD , 55 FHEBRFEHECME
DYBEREKRE DMFC TORIABHRFINDI L DL R OZEN O T
Do AETIL, FFIZ, BATAPDOAZ EEBMICIERL, Tub B LA F4
RPSHIIIAXEMEITV, BATGA DA A L BEEMOR EE B L, ZOHRE,
EMZENT T AN AWTAREMTHILIZEY, VAV EERENELN,

% 3 B PATA MR~ — A DO VER LS Tl PATAROEHEEFI T
| X BBREREAENTADIC, PATAMIF RS BRI L. B A R
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Mol —F . REMEZELIZEDADITAWESBBIODRITR LD o7,
DMFC FEMERELL THIAT34MELL T, OF 7/ ah EEETHHZL, @A
7 )= VBB LM TEDZE, OMEMERE W&, ERRETHNDD, OIZONT
11, A4 EEBROFHEE R IO RN AN REF DL THEEBOE R4
GEEN TR THHZEERER LT, LL, TOHEEBERIL Nafion ([THAKEY
2Tz, DIZDOWTHE, ZliA F AL A FAMIAZ ) — NV IFIHR B A4,
@i Nafion Z _E[E15, 200°CLL ETOfE RO FAIEEMEN RS,

5 4 EICATA MBS A B OBIFHE ) Clt, PATAMER D
AR A L BEAR L L C R IR A BB 7257 11 B B DA B2 A A
FBILC. BATA DTN ARET T L DA R BT, B RS 1 S
BLEGBBBED _SORFRHLHN, KFROER. BEBEL T EERD
RO OMHENTEETAIEN DD 0T, TORERMNS, A TA M L ER T
B LOFT A B RS EES B LA, L0 (A BB AT
DEMIERBLOLE LN, Fo, FRBICEI AT ARHOT ah AR
vt ARy el

% 5 BEIEA T ANk Nafion O ERIE DMFC FEMEBEA~DISHI TR, ¥
FIAMNERVEEEEO Tt  HEROE L2 BRI, TubBERTHD
Nafion FIZEATAMITFHSBLUIZE AL ER- BT LIz, AEARITHBAE
ft DMF % 3\ V= “solution-processe” #E& FiV A2 & T, fERBFIRE Ch -T2, R EE
BEOKMLLTHEBSNZOR T b EEHETHY ., SwthAXEMENL T T A
~Nafion 213, Nafion #8228\ 7 b HEENELN, EHIZ, RESEKEIZ,
Nafion (ZH_TEREEHF T TOT b EEROKTEZMGEI TEOAESEZ AL
Tro —H .\ AZ ) —NVBBOMEIESBEEIZ OV T AR MERERFLN T, &
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#E3k D DMFC R EBAREREIZIX, BT PEFC A BARE I TH 5 Nafion A3 EIZ BV
HITWDN, IR EE, A% ) — VI a R — R — B I ORA MO E B D ISR H
¥.DMFC TOfERIZIITmMELEND, —F , KR TRELZ BTS2 H V-
BEBEIX., THEMVE - RKMEICER, F72, BASA M LFLB T AL T, AX ) — )L
REBEZIH TEDAREME TR, 20X, B I TIREASANE AN
TER-AEEAIRT. B FEMERE CIIBIR TERD ST EORE ML,
BRER R DB H SRaAMNIb AU Y MRHY, i DMFC(PEFC &) HEME
EELTORBEEMS R &,

Table 6-1 (ZAAFFETIER L 7= 2 I OB S BE(TypeA: B4 7 A M-HSBR A,
TypeB: B35 A 38 Nafion B)& Nafion D4iEA LB L= #E xR LT=,
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