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LT ZEMAEETH D, BT AR ELPEE LIeFEEMREIERL 2 V=L — g Y
AT MF, 2009 FE0 B HEFUIEERIT TRHARTIRGES N TV D

IREFEMLIC IR < B HV B D, L L TKDELRS RO ST k- THE
I I EE R L,
H,+1/20, ->H,0
ZC. KREQERTANNGT D EMA Anode, FRZE (B LA 34 % Ei 4 Cathode &
FEOY, 2 OEMBTEZ HOSIIUTOLEY TH D,

Anode:H, > 2H" +2e”
Cathode:1/20,+2H" +2e” - H,0

Anode & Cathode & FEMFENE A & B % T L0 fie/NEEAT % I — FEAGA A 14 (Membrane electrode
assembly; MEA) & FEON(Fig. 1-1), WA ZHHaT 572008 N L—F —% 11T, — DO (H
YY) E 2D Fig. 121k LT & 9 I NEE R BT 27013 B L ORE Bz B0 L (X
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REFEM ORIV 22H ) | TN THEME, BMEME, SUSRER ERERD,
LIRS, 2B B OB 2250 5,

TV ) IR EARE TR B L (AFC: alkaline fuel cell)
- U UERTERELE ML (PAFC: phosphoric acid fuel cell)
- VAR IR BRYR TP E . (MCFC: molten carbonate fuel cell)
- [ERER LT L EHL (SOFC: solid oxide fuel cell)
- [EIRE S TEREHE R (PEFC : polymer electrolyte fuel cell)

FRENRE &, RE, 3R M T LRI b 5 23 (Fig. 1-3, 1-4) >3, PEFC (X
L DBREFEMI L ~MEIR/EEN(-20~120 °C FREE)</ MR BAL N ATREZ2 723D, FREM. HE
HA, BNV POBERE LTHEESA TV

BB FEIC L > THEBNAZ RN — T XV —BbAH Th b5, —J7, I8
[FIFIZEBNWTEFIMEFRICHND Z LD TE L= /LF —X Gibbs © HH TR /LF¥—21t
WA 5, MFEITITZLL T ORI ALY N2,
AG=4H —-TAS
FEVERAE(25 °C, 1atm)iZ 31 2 REFEM OB R 2 e 1X, WX TEZRI LD,
_AG?
CAHC
AGY I THE U i Gibbs = /L3 — 284k (kI/mol) . AHY [T A Y A i = o 2 /L B —(kd/mol) Td> %,
IREFEM D AH ITAER LT KDL TH 5 0DEIATH B0 k> T2 FEEEE L, ThEh
LHV, HRHV &FRIN D, ERUTHES T, Hy-O IREHERM O BRI R 2RO D & |
2R 1 Hy (g) +1/2 0, (9) — HL0 (1)
febS1ANEN
AG® = -237.13 kd/mol
AH® = -286 ki/mol (HHV)
ThHEH, EUEREIZB T 2P FEILe =83%E 72D, LLED X H 1T, BEHEM TIHK
IR CHHERIMICEWIREDEELGDL Z LR WRETH D,

Hy-0, ® PEFC T, FEHERAE TORRDKGIZI T 5 Gibbs H B = F /L —Z5{k AG° DfE
Z . Nernst D2 K 0 FEHEIREE COBERIEE N2 UL FOXTEHEHTX,
AG®  237.13x10°[V-C]
nF 2x96498[C]

0 _
E298K -

=1.229[V]
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DR EEPT £ OO/ RS OIS BETH 5,
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PREFE ML ClE, Anode/Cathode |23\ CEALIR TG Z > TW D23, BARSG Tl
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Nafion®(Fig. 1-7) 31T 515 5, F D2, Gore, Asahi Glass, Asahi Kasei, Solvay, 3M
REBFEFT LN S CF BHORY ~—DORBIC AV K VR EZFID, 7 v RRBMERY
~—(PFSA) & FE I TV %, Nafion 1 PFSA & L Cid U o TRREHE A ICBR%E S 7= e
RY~—Th s,

PFSA DL LT 7 AZ —F ¥ R/VIIE & W) A VR VBB MIE 2 ED . £ O HfE
B0 IMRET D Vo - (Fig. 1-8) &2 b0 T, HICT, REDOBUKIERIERICE N
& RVIR RIS OWEFREERE (FRVE ) M IER ICm W2 RN B e s, —FH, e bk
Anode 7> Cathode ~ET 5 R HO"DOIE T/K % 1 HRA L TriEd 25 Z LR bnTn
% (Vehicle ##%), 7 v #RIX. 2O Vehicle B SRR TH 0 | AR SR ICIB WV TIFOK
MARRTHZ T r M AMAREER KUK T35, o GERIEFIKNPMLETHY | 1F
TR S EIR~80 °C BEFE TLRONTL b, HIZ, 7 v FERFEMITLEMED @K,
TIARBENT &, B A OBRIT v EROBREAMWELEHLTCLES>Z L, &
FRSEMECREERIE N EE LW 2 &, 7 v EOHBRICHLIRONH D Z R ENET NS

8

o

PLED X5 2285 PFSA OfE 721 T2 < PFSA I2fh B RIREAE R U ~—=0,
JRFLFAVEENC 7)1 CTHIA R & DIRGIZ K D IEMERE DM EN M EEIZ 2 5,

1-2-2. [RAVKBRERERY v —
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DH O, fUBIZANVR BEROSNTNDLEHED, 4 I FEGZALTND b0 E, IR
IZEZ L DORY v —PELI N TV D, ITFERFENRL VAR Y ~—& LT sulfonated poly(arylene
ether sulfone)s (SPESs). sulfonated poly(ether ether ketone)s . sulfonated poly(arylene ethersulfone
ketone)s *°, sulfonated poly(imide)s ***8, sulfonated poly(benzimidazole)s ** 72 £ 7238 v | HExE I
HERRIZAHAIET D RALKFERIZFEC, 2FEU LOE ) v—ZLEESHELZ L THLND
7o, 7y RRHNTEERELG THY , LD 20 FREEICHIETE D, 207
D, WL 2 b= LB WET TR ZiliTh D, 5%IT. KIBERK COM
FEOMERE 2 R D T DB AR D H v b,
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OFEFfo T\ D728, MZeFHEN, BEE, B 7RERR Ok x REES T ClEDbIL T
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{k(DS-DCDPS) 3 % BRIZ, #IEHiEE % VTR U~ —EASRNC A VR AT 5 k% A
Tro AV VERIEITEARAVIZ, DCDPS D ALk = )LL) LT A Z A, ClILick LCA
JU MBS S FU(Fig. 1-10), AR UEEEE 2 SffoF ) v —2 25 2, ZOE ) ~v—%
FANWAZLICED, 1 2=y "4 2 SORLKRUBBEABEAT A Z LNAREIC - T-,
FEERSKICREMAKTHZ LX), WS FEEZFSTLRIv—2 G TE, ®IRT
G SHD 2 Lk, RSN B 5 DSDCDPS & SN AES 12/ 5 2,

1-2-2-2. 1RE - HEE

McGrath 5 23, 2R AEDEN L D HBE R, AVR AL LT ) ~—%
HAWEEAE, RY~—0D R VR ALEFQ 1-11 D n%)ZHIETE5 L 0H AU v FA3 S
Bo FTANKRUEEEN NaB b HRICHE 7 0 (Fig. 1-11), Na R DOBGE, AR ALED
BIMZAEWE KRRAHINT 5, LovL, HEIOEA, 2R ALEN 0 NEBZ 5 L. B
FINZEAKREN LRI 5, £O#MmE LT, RAHDBEMEAFM) D E (Fig. 1-12)726, A
VIR ABEED 60 %D SPES 1%, A A R A A LN TR SN TR Y . A A v HRBKME:



HB) & EFHEAKMEE) AL - E D ENNTIEETH LoD, GKRENEALIEEEZ LN
b, 7Ta NIAREMT, AV ALEEDS 40 %FEEE T, Nafion FREICICHCST 2 PEREZ A L T
B Z L D3RR T & 7= (Fig. 1-13),

1-2-2-3. H T AEH R

BT AR X, B THOEBDNHEFIREN DB 2B THY . TORFOREZ A
T A R(Tg). & L<IIH 7 AEBIRE LIRS, Ty TS HICHEIRICR D &, 5518
FUZZRAE D K O ZREENS 72 L RENIREEICE 5, Lo Lma FEHOKR I DD, Ty UL ET
b HEBAIR MRS 72 S IE F M A OB A WVIC & » TEE TS S, HEIE a2k %
R, BIRERY v —TOHT AEBRIT, ZOR) ~—OFERAIRE T T2, MEA D
ERIGAFICH EERER TH D, TyOMEL, RAEEAERENEDSC)E AV, X—27 A
y@V7F%ﬁ%?é*k’;ofﬂ%T%é

ZNVTR ACEDIENT K D0 T AEB R OZIE, rx RiaCCTHRE SN TR Y, HlmA
H—ELTnBE B 2R /ﬂ:f“@tmbu TR Ty BN L (Fig. 1-14), = OHHE & LT,
FRMEA A (AR VRO L0 5 FRIE S ORFEME R E)BEIM L2 &, 5L
RS DO STARMED N L7 Z 3% 1T b b, F72, SPES 7217 T72 < | Sulfonated poly(ether
ketone) (SPEK)IZFHB W T HBLHI S LTV 5 2,

PLEOFERIT, BFERSEZ RTAAREBONETH D, KEEATWVDHIREET DSC
EEATH TGN D 2, GARBEOENT LY TOIZL L, EARBEOHEIMIEE Tyldik
D UT-(Fig. 1-15), K32 % Z 12K Y SPES D RIEMENH Lz7o, Ty i Lz L5
bbb,

ANVTR ACE D BT 2 A SEARIT KT S B 7R AE C DSC HIE 217 - 7o /5 % Table 1-1 12
Y, —RAIC R 7 A RBOGE, ZVRACEREINT 212> T Ty b+ 5, Lo
L. AKFREE TIE AR ACE OB - T Toldsid Uiz, AR ALERRMT 2 &
GAKRR BT 5728, SPES ITHEA L 72 AEK OB P AT IEME AN L 72,

1-2-2-4. TitEWE

BAE ARV ~—OMEWET, FEERICHEERT 2 BRARESC, BBk E % (ER9 2 Bt
FRIREZ 2 BT, IEFICEETH D, MEPEORIEIL, BE RSP (TCGANZ LV FIHE
HD, RICKFROMENEL, AR EERIED Na s HARINZ Ko TEILT 2528, (it
PRI Na™ B> A BV, Na'(% 500 °C I CEED RO A3 Z 503, HALE, 300 °C
FEAN S AR CIEEESTEEL T LE 9 720, THEWEIL Na™i & v B 2 SPEEK T%
FIRRICBLIIS TR Y B, 2 ads ALEBSHIINT 5 - THEWE &K T4 % (Fig. 1-16)%,

1-2-2-5. H{b&:iz X 3221k
BAEEIC VDA H LT 2 BN H 508, HAL T 2B DR E . B2 & o4t
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AL ST, HEEOIEREDZ L 28I L 72 WF%e M T o M, RIET HYE L, KR T8k
W5 HiE(method 1) &, FHRCTF e kAL « PeiF 9 5 J5 15 (method 2) TLEEZ 21TV, iR AL
BolR@EW7 e N AREMZ R LT=(Fig. 1-17), £7=. —F£ 100 °C LLEDOBREEIZEND
ZEizky, Hmbt%®*#®%@%§ﬁﬁ<@oko

HALRF DR OFEWNZ LD | B ED X 2 BN E TV DO EHERT 5720, K
%%ﬁﬁ%ﬁmmmm;@%ﬁ@ﬁﬁméﬂmﬁ@%ﬁofwé ZORER, BULIRIZ LY
RAAL LV OREEINPERSTEY  IREZDNTHZ & TBUKMEROERMESE L, @WE
K - T N AREENGE LT B X B A (Fig. 1-18), @i T 1 b I ARENE O E IR
TEEATo T fEF:, SPES I COMERIK FIXISIEEM S 72 hr - 7223, Nafion 5 Cidfk « (2K
FL72(100°C : 0.12 7> 80 h #(Z 0.09 S/cm, 120 °C : 0.11 75 90 h #1Z 0.08 S/cm), SPES
E, UK=L —1C X0 BBUKMEOEERRMICE L, 7o b ARG R E - HE
a5, Zruzxf L Nafion DAL, BUKT R —2 8-> TA 4> KA A HEEDE
Eah, mn7e b AREMERRERETE R, ULEX D BALKEROBULEIL, 7 b
NRBIARN BB B D X 7 iAo D 1 DOFETHLH EE
bbb,

1-2-2-6. SRiEtETE
A 5 TR B O BEARE I ClE, BRtEE DIRNA LA VB ZH AL T DH DT,
ANKRACE Z @ L L iuE 7 a ARG ER DAy, 1FE A EDRFRTALR
MEEEIL 20~60 % TH D, TiuE, AR ALEEZ LIFTEDL LKA Z —/ITEIT T
LEW, BREREE L THWD Z LIZTERVWEWSZREREL 2000 TH D, 28461E
ORI E 2 P r— L TELHM TR FETH D, —BKINEETHZ &1
L0 BN AR AL & PRI RO R S M S, A & ) —ViEiEbE b IKL 7D 2,
IHITALZ ) — /LI Z, BARE, BAHE, 7'a b AZEMEZRE U7 R. %
FEN ENDIZo ., GKE - BEE « A X ) — LGEEIE TR o7, it 226G
ﬁUV~%%EU?4ﬁTﬁD\m%%&/~»ﬁ%%bm<wﬁﬁmﬁofwék%z
bivd, LL, 7o FAREHIEEGEELY LT TORERIBRTIRA NN T2, AL
R UBBIEOHEE N T WEEHEE L > TWDHTD, @WEEEIRE & 7' e b ARS8 &
ﬁ%%ntk%z6né
DZERBICBE L TiE, AR OBERBICB W CIEFRICEEREINIC /AR 2 /EERH D, L

MU, ETEAFROBERN RN L & fE T TORBIEL VW& FRINDT2D, AHF
FECIFANE AT > T2 SPES Z W TV 5,

1-2-2-7. I ZFF ORI KB RERERY ~—
IRAEKFERIZEB W T PFSA O X 5 IIBHEE 2 FFoR U ~—& T, MIgHIZ A
i/@%%%ﬁéﬁézkmib\Mﬁ-%*%ﬁﬁﬁﬁﬁﬁi#é&@ﬁ%ﬁ%éi«f
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A MRS R IGICALIE T D72, FEHUREOBUKMER R Iv, SIS Z 556
2 b BB R D IR £ 5, TS X0 . BRI IH S D, PES BRI T =
=L VOB E R o T2 I A VR VR A A LA Y ~—"Ci, 140 °C, 100 %R.H.7ith

FESMICBNTH, 71 R AREMECHEARE DIE T LAV WO mEndH 5 %,

SPES O## 2T < . B A Hl##E L3 AR U = —(SC-SPAE; Fig. 1-192)%, 7 no~
PR U ETHEE v — L LTI A S B L7=R Y < —(Fig. 1-190)®% filzEz Em< L
7= ) <= —(Fig. 1-19¢)? ¥ 72 LB E N TV 5,

MIH A FF O RAKFEREAER ) ~—ORHE & LT, BKE L MR E TR R,
SC-SPAE(Fig. 1-19a; 1 == ’¥ 720 1 DD ANK U EFFOR Y ~—)D ALK AV E
723 100 %D Nafionll7 K0 & @EWEKE, RREDO 7w M AZEEEZH LTV L8, I
THERI3 7372 0 ARV Ml & 72 - 7-(Table 1-2) ¥, {184 % £77- 72\ SPES SR DR & b TH 2,
7'a b AREPRIZ R E RN RO L, BRI IS < o T, JRT-HEJI B
FE(AFM)IZ & 0 13 2 Fes® U 72 #5 5R(Fig. 1-20), A/LAR AVEE DS BT, #K M & Bk
DOFEBEN BRI 3TN D 2 & DR S, IEEICREL TWbHEEx b5,

M A FF O RALKEEBRE R U ~—I% Nafion D7 T 2 &2 —HEEICEL- L 9 72k 2
HFORREMEN D, AR ALENEWVIEIX, Nafion &[FRE, Al o7 m b ARE
PER S O I MK S o720, S%IFFICHHAREMRER ) v — LRV 557259,
LU, RAGKFZROMEZ R o TG OHREBNI E 207, 20 HE LT, EH#EHR

ARG BN K 2R D DR ZET B D, Ak, KV EHEARGHIENBS IhIUE, &
{bAKFRERERY) ~— DL ERDAHEMER S 5,

LIED X 912, SPES 72 & DIRALKFEREMER Y ~— DL, KU ~—HEIEDLIk (J

D, HIRELREERETH D, FRALEREMER) ~—Tbhbv, DR LTS
no,

1-2-3. Hi% - |~ TV v NEMEE

g« RN 7Y REMEEIL, Nafion 72 & OBMER Y ~—OMREN L2 HAY &
L CiThTE 7, FFIZ 100 °C UL Lo @R N Com  EREZ BH5 L. Nafion iIZ Si0, 72 &
% F—7FBHFFER 1990 £ DHFEN HITHON TS 2, Si0,, Zr0,, TiO, 72 £ DRk
%0 & Nafion IZIRE 5 2 & T, MBI /KZHRFF L7 <, 100 °C L ETRABMICIE T 95
Nafion D 7' 1 b AR A HERFT 5 2 L M ARETHd 5, PEFC (2350 T 100 °C LA LT
il MR oD SOSEEE 1) b AKINE O f# 51k, CO M7 EIcAFITh 5, LLUFIZ, Nafion
RTONATY v R, RILKFEZTONA T Y » REIZOWTE L DT,
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I

1-2-3-1. Nafion Z W72 7V v FiE

Nafion & ZrO,<° SiO, iR A L 7298132 < T Tk v | Park 51X ZrO, & Si0, DiR&
b &2 2 CIMERE B ML RS 2 MR L7 “, 80 °C DA, ZrO, 7+ % Nafion (25 L T 10 wt%
IBA LIZBEMZ10) S @M 2R Lz, —75, 120°C OFEIRICHB W TIE, SilZr=2 o i
ki~ % Nafion |Z5%F L T 10 Wt%iE A L 72f5(MZS12-10) 28 i3 U M i & B fE 2 7~ L 7= (Fig.
1-21, 1-22), SiO, & ZrO, D It DHe . A ABILE T LU AT REBIENRIEL, £
NEIKERFFLOT WY A b, 7o bt A M LTES 720, mWERERE L
7o LR T B,

MR & LTI, Table 1-3 (277 L7238 Y . Zirconium phosphate(ZrP) ', U v % o 7 %
T U E(HsPW 12040 NH,0; PWA) ® 72 L2 Th %, Zr0, D A Y v & LT, TR HEEIZ T o
N AR AR & 7203, ZrP =2 Zirconium sulfophenylphosphonates (ZrSPP; Fig. 1-23) *° 7 &
BT D Z LRSS THERITH D,

ZrP & Nafion 24 L 72 % vy, 130 °C UL LD SR T IV iRER 21T > 72/ R % Fig. 1-24
(g ¥, 80 °C R Tl Nafion HUMO R & [7] UMEREZ R L7228, 130 °C LA R i T,
ZrP HIRET DT LI Ko THREN & D REEEHERF Z4u, Nafion IZHEA_TEWEREE 72 o 72,
ZrP ORI L LT, o U UERIEEW(TIP 72 OV THKRDRIHTERS B 2 & 7 E32E
Fons ¥,

ZrSPP & Nafion ZiEA LD L ITHN TR Y B mnrm b AZEME, & v
PEREA 100 °C PL Lo @i fEIR C1&F 5 2 & 23 k7= (Fig. 1-25),

LI EDORGEI, R T BA T A& IC, Nafion 25 R &2 J7ik, Nafion AIRICIE
AT 2 HEERHNTHD 0N, ZRLSMTH Nafion &R O H T, in situ T sol-gel & %1T 9
FFEBIS &0 > mEC 10 nm R D Zr0, ZFlE 5 Z & N ATHETH 5 (Fig. 1-26), &5
(2. EUWKIRERE D 2 F 5 Z & bR S = (Fig. 1-27),

1-2-3-2. RALKBREMERY ~— 2V A4TY v FE

SPEEK 7¢ & DRALKFEREMEARY ~—TlL, 7va b AL ESH 572D AL
B ACE Z BT E . BMPRE MRS 20T W E WO REN R OIS, o T, R
U~ — BT S I ERE O &2 BEE T OI3#E Ly, 2000 LD & RAV KSR R EME R
U ~— & IR 1 2R A LTEHFZE L A E U (Table 1-4), SEHERT T~ 0038 A X 2 HEMK VISR E
HINSO, BAVEEME, AX /=7 aAF—_"—0OE, e b AREROm Bl R EPY
ELTVD®, R~ —BUIOBIC A, BT e b ARENE PP 2 & ) — L iEiE
PREEHFLATVS,

Nunes & % %, SPEEK B2 T A v 7 U v Z#|D 1-(3-triethoxysilyl propyl)-4,5-
dihydroimidazole %35 A L. tetraethoxy silane (TEOS) & insitu ThUG S5 2 & T, RILKFE
REME R Y ~— LR - DOIRA 1T - T2 (Fig. 1-28), A ¥ / —/LiEiEEORAIZEZ) L
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723, 78 N AREME S RIRFICAR T L7z, £72 SIOLAMCH  Ti 0 Zr 7' m R %+ K(-0-Pr)
% SPEEK (ZIRH, EH T sol-gel )ISIZ LV AL, TiO, = ZrO A L7z, ZrO, D% Tld,
7'a N AREEORD ETISIT S Z LN TE, X BIZANVRALED 85 %(25 °C DKIZA]
YD SPEEK |ZIRE S Z & TlitkPE S A[fEIZ 72 > 7=, Dong & I, ZrSPP & PTFE ZiRA
L. 7'va h ARG & RO % [RIRHZER T 5 2 & 23T X7 (Fig. 1-29), PTFE
ZRALZBZWVRICBWNWTY, EEOHD 2GR TETW15D

ui@iﬁ I, RALKFEREMER Y v — L R & OREGEONITEILZ </Tbh T

CCREREICE A B E i ED, LinL, A 7 U RIEEE HWTEERIZ MEA %

T@@L%?@?ﬁ%ﬁ%ﬁof“é?ﬁ&i\ YR TH A AN 72N, AR LT < BFESS B
Tho,

1-2-4. ENRARIELRE O BE%

PREVE th O FEARALELE X, FFIZ Cathode TOE IS DIEHL= R NLF—% FIF 5728
FHERNMEDLNTNDR, 2 A MEEOZOICASHEHEEZE S Lz ETrEuwitie ?%5%
ENRHDLH, TOHT, filtEICEREAR Y ~—(onomenNZEHEAT LI ENEETHDHZ &
MFEE R STz, g o T ORI, Fig 1-30 \TR L= K HIcH4, EBRE., T ADITH
L7z A MEMS ) TR 2 2, EHTICEREN BN AT 7 e b o MEE L
OISR Z 5T, il 2 FHRIAT 5 Z LR TE Ry, WD, ERESBEICIFEL,
BEOHB AT N HATHLEEEAMNHAT 2 &1 “’a“ 2, DEY, R Uk
HER D — R 2055613, ZMAAmEZECT-OICEMRELEBRT 52 ENEREIC
25,

AE Tl ionomer & L T PFSA % W7 it g BRIE 12 d5 1T 2 VLG 15PBRJE D fiiidL, PFSA
LIS D T fRE % R 2 N T BFZE B & B LIS HE AT 9 B,

1-2-4-1. fibiitfEBASE DESE

U U ERTEIR R E L (PAFC)IX EME DNRIA TH 0 . SUGDM T 5 il |2 FEMRE 13 Y 7
H4 2 & THOCHE 2RI T& T\b, PEFCIZEBWTH PAFC O X 912 =Rt filt
ERIAT 208N’ D5 Y, £0 L5 AW EIEIC, 2EEE TH 5 PEFC TIXEMICEMRE
RN v —ZB AT LRLB 7RI,

FPFHIOIC, TTIRDOH AYLEEMIZ 5 wttd Nafion I8k % 7T v o v 7V FEIC LV &
B EMAER & L7 2% 2 o> Nafion BAR(A)IE. B4 10 584 % ik O ERR(B)

HER UMEAEIC A Y . & DI A4 R E Ui Em(C) D MEAE % KR I ) _E X ¥ 7= (Fig.
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1-31), S 51T, BRALFAUCHIE L 7c =FE 50 O mmfg & #90 U(Fig. 1-32), #EMIC EME &
WA DL TEVERENEOND Z L 2R LE S,

WIZ, Wilson 507 —71%, EfRDOT T v v ZiEwiE S S il — 2 R &2
T BIEREZARRE L2 %, ok, SRR — R v BRER U~ —IED SRR
Bt —2 N ZRREL L, B EREER 7 L — AT L MEA 2RI 5 515 ®, 5595 LI
IZ D Teflon IRICEBAT L7211 A v B 7 L 2 S8 T MEA 2145 FiERHW ST
“ ZHUCE D EEFHEICHE - AMEE AR TE . SOICRE L BE L DT R
BHE AT ST % 2 L N ATREIC 72 - 7= %8,

Nafion 3 A &2 %3 ARFZEH1IE 20 A O3 Nafion A SAD 70 W R [T il g o
ionomer MEFEMENTELS | A A MBZBEITAFNZ /2> T L E 9 DIk L, Nafion A &73% <
2% & 9T AYERL » BAAREIIAFNE < & ohro TV D,

UboX oz, Mg ~EHEAR ) ~—Tho Nafion ZEATDHZ LICLY | RENIZ
HaRARLHINT 2 Z LTI LTz, Las L, EXUEFRICA R 2 B (= A TR
ENTVDAL)E, MEEICHNZAEDENRECRTHL LV IRELHY ° 4%
ASEHEZ ST 5720123, A@fMRE LT3 0E S 5,

1-2-4-2. H AGLEJE

fibliEfeg % F7— R 2 ~X— X —(CP) EICBATT D ERNE S B 20, 2 OHEIIEZ L TH
% CP i~ — 2 kDR HIA T BB D 72\ REBEASHE 2 FI SR 2309~ 2 IR E 2. 5
b, CP ~DRAALEIELS F 72Dl CP L gDic, h—HR>7Z v 7 & PTFE 7
DD T APLE A L, ERZE CP - 7 AL - ibiiiE o 3 @ T3 % (Fig. 1-33)
WFZE T Tz 09 7478,

Passalacqua ©I%, A AJLHEE OAH I X 5tt$§a%ﬁb W AERSEEBAAT A Z LI X
D MEA PERERNH B 5 2 & ZiE L7 (Fig. 1-34), & B2, TRV —45B X #RIE ot
(EDX)DFER., B —AR o= — LICPEAIFEL TR T L 2R L ™,

Song HIL, =R 77 v 7 & PTFE D2 b D T ALEUE % . BV (BERR) T 5 Z L IC &

D YEMEASEE L, PEREASIE g% & D R A4 ", EEUE o PTFE 13K MEOMIFL %
TERR L, WA S A Z MR D & W) BEIDFET D28, BVLEE(340 °C) 21T 5 = & T,
PTFE 23@hfiE L. JEEUE S CHOWMMSEZ W, PTFE OOt B VEEMERIcE b L L
Tn5,

1-2-4-3. i EVER 515 L Al i

W LT Nafion TR (IPAIZKES L) 2 il HAH s 1 — 78 o (PUC) & BRI IR T A~ —
A b 505, N—=A PRSI TR ZMA THE L TH LB O b5
7zb, UTICEE D5,
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<apA RE>

Uchida & "# < shin & ® 1%, Nafion Z = v FIRIC L CTHABES—Z R 2R L7z, 7>
FRRNY ~—(PFSA)D T ¥ ) — VIHIRIZEEEE E LTl 7 T2 RE, T PFSA D=
A NERZFR L TR &, PUC & ZOWREAIERE~N—Z M2 L, El4FR L 7= (Fig.
1-35), PFSA ?ﬁi&%?&ﬁ\%é??%ﬁ‘éjﬁk‘(conventional method) &, Z Dz m 4 RIETIERT S
77 £ (paste method) D L PERE A L L 7 K55, #r L\ paste method TR & < PERgnsm) L7z
(Fig. 1-36),

Z DI ETIRR U 7o i g DML 0 A0 2 FH 7o/ R, PFSA DA RN L 72513 Lfih
BEIE O ZYHIALIZ NS < e o 7oy, —IRMFLIZIZE A EE DL o Te, 2FE D, BER
%< ﬁ@?‘é*b’t%ﬂm TEL AL PFSABIBAL TN LARBLTRY ", Zfi
AR D T2 6 iﬁfoté*ﬁuﬁ)z% 272 %,

<fihigLE % B E >

THVETEID, fREN OREECEMRE AR Y v — 2B IER T 5 FIEIZOWTREIT L
Too 2 2Tl BEOERE & 7 AYEHE 5 TR N OIRIEN e ZHEEIZ OV TR T 5,

Li & ® i3, fkLE AN T Nafion % % (Nafion A R)DE 5 2 BOfE 2B L7Z, &5
I Holdcroft & 83 3 @D liifE & (E8 L 7= (Fig. 1-37), < OWF% T, [EMICERYE

RV v—ZREIZEA LTSS, 7o b osETEm<< s —F, fin#lEsrZ & TH R
DI 72D ) & =2bz%fb\é75§ 7u N ARE L T ADOIEE WG E LTI, K
V~—&XR Y ~—On M E il L i iidZe H7e v, BERAICIE, U AJEEE ) B I
~OFFANTEE U CERERIIZ Nafion BAZEZIELC L TS Z &I X VR ET 5 0D
FEEME BN TWDS *, Nafion BABENNT 5 &, MBLEPRN O “WAIFLAY Nafion (2 X -
THD LN T LENT AOIHMEN AT 2, ZORIRIL, MBEO TEM <, EARE) R
ﬁé%ﬁ?%%ﬂ%ﬂﬁiLTW%LK*%FA&@F%#%%%;T%tmwg1%
1-39), XV UG Z D L UVRITEEIC Nafion 2% < L, AR SN D CP ATzl
%ﬂﬁk%<&éi5ﬁNﬂm%A%%9&<LtGDEHTﬁ\@*K“ﬁbk&ﬁd
L0 bMRENS M EL, WOEAEAT v 7 CIER L7 GDE-NMLIIMERED 2R T L 7= (Fig.
1-40),

LiED & 912, A CH B2 VT2 56 T O ERGEIC X D EEEA R & <k %, £hiZ

fBE OREICERA L TRY, ThbaBET L5 LIFHEFICEETHL I LARLTY
60
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1-2-4-4. RALKBRREBEER Y ~—%& A7l fEg

RALKFREMER Y ~—DOBAZ L, [EMER] & LTHHE - FHMliSii T2 6108313 &
A ETH Y, BARARLIE I ADTBITED 720, RIWKFREMER Y ~—iF, 1-2-22 BT
WA= LI =T R b - KRB AR « SINEWEE Wo IFR03H 572, MEA BIZS A H
MBI CH D, BEEEMOFEBEIAZH O T 720121, FEEOEME CERT 52 &7
ELW, 5%, BEICRILKBRDHAOGND ATREMEDR & 208, il g & RARIZ RILKSE
RERNDVENRH Y | i EORBLEETH L, Lo, BB OFHZR(Z v 24—
NYERGIET 2 OIZxt U, g ClIpiel 2Bl S S22 0 il e o3 2 OF g E kT
5O 2 & TiEen %,

IRALKFREMEAR Y ~—& LT, SPEEKR 72 EMIEH A FFl= 72 W\l 57278 U ~ — 3 TBAR
Fionomer & L THRUNCHW Gz, WL LT, T 1 b o MBI ARIREEO 5T 6 Hg
A 5 72N, N- dimethylacetamide (DMAC). N,N-dimethylformamide (DMF)23 4% L\ & s
ENTHYE, Nafion? T b AR AAEE L TV EEDNTNSEY, R ~—0iH AR
IZOWT b ST 0 %, fililE o 22 FLIRRE O R 5. SPEEK DA 10~20 WiooF
FE ODE N & TV WERED S D= (Fig. 1-41),

F 72, Nafion R TIIREZRZLITR N -T2y, RIGKERERE RV <~ —DOEM
TIX PTFE OF B CHEREN K& < £ D, Nafion DRI, B OBIRD B ZEFLRITR N
72O (Fig. 1-42), MRFOPLHNMENEE CTH 5, Nafion (XBKMED PTFE B# 2R > TEY |
IKEFLZATORT U, Lo LBAE/KHE R IR HR B DS Nafion (ZH KL %, HC B TH
0 ZVIR RIS DO BUKVEENL & OFDBENEE Z D I2< W, BEZT T T 4 7 (KD
B AN 0 B BRI NTELS 25 T L ORI 2 L EX BN TWS, £
T, B - BRI EEE 5 HITRAT S PTFE IZOW TG M T, PTFE %
BERVWEME Y bHRENRL o2 &2 WG Lz, PTFE 2% % 2 & THIFLAA R <
20, BUWEREENHZEEZ DN D, HIILDAREWVIEE, BERT T T 4 VI REZY
WZ<S WO THREN B30 | LM bR OZ@MERm L L7 Z E b EREZZ 6D,

SPEEK SZLSN D RALKFREMER Y ~— 2 HWT, BMIZEA L TWAHHFER23 0 <
ShbHN T b b —ODERTHY . R v —OE - Bt LIc X o TR D
7O T 5 Z EIXTE RV, 61T, 1FEAEDRILKFEREMR T, Nafion R
PEARTHREIT R E <IKF L TWA(Fig. 1-43), Z OJFEKIZ-DUW T, Nafion &R & BRALKFE
REMBOYERBEEFRICEER)DENTH D L FSDONTNWDLR, BFEAR D ~—OIZEED
BV, BEFBREOENTH 50T TV, 5%, RILKEREMRERY <
— B RRESEL-0E, ZORREZMHRATIHEND S,

1-2-4-5. 5% - BEENA TV v NERE 2 AV - ftE
il Cld, 2 AL E Tk 7= X 5 12 Nafion X° SPES 72 E DO EME R U ~— Ml 5 53,

17



Si ZMEREIELE U, TR R VAR U iREL e O A B LT A - N Ty RERE
PN EENRARIE CE DAL BFSEDS Yang B D 7 L— 7=, Watanabe 5 D 7 /L— 712 L ) i &
ﬂfb\é 101-104

Yang & "M%, Fig. 1-44 \TR LTaA 70w REMFE 2 AV TS 2 /B L, B b
REBRELTH A7 Y v 7 RAE A R —(CVIC LD ZMAmEOHIE L, EiIEFERR
iToTm, TORER, TIFNZEDOE BTES-Oct & ALk g% A3 5 (THS)Pro-SOsH
PIRETT EXITEVERREZ G LT, 2V RV T L L BKRY) & Si- ALk ‘/Eﬁ“%(%ﬁ
KENDFAGBEL . T AYEBE 71 b AREZE FRHCERTWEMREIC R o 72720 LG
T, AR E T Nafion BAR LV &< e o 7208, HgL%¥ﬂﬂjHVE%®%%
Nafion £V HIK< 720, 7o b AZEE B 5720 A7V v NERE ZmEIC A7z
B, Nafion I[ZHARTH AIEBEME T L7z 6 Th D LT Tnd

Mmee%m%F@JA4hmstﬂ$Od&(ﬂﬁWmsmH%%b\%ﬁE%W@L
oo TONAT Yy REMEOT 1 FARENMEE, 100 °C UL EOGEIRICHE W T H 5N
R L7222 o 7= (Fig. 1-46), IV PEREIX, 80 °C TIT - 73412 Nafion @i L 0 T L 7= (Fig.
1-47), Z ORFFETIE, MEA OEIZ Nafion A2 W TS 72, 5% D3R E LTHAA T Y
> R V. 100 °C DL EO @RIV THERELLERT 2% = & ¢, Nafion X 0 @ ERE)
LD LRSS,

PLED X Sz, ™A 7V v REMREIIFEFZEICB DN TEWEREZR L TWD 0N, BRRIC
BWTIEHBARNTZEA ST TR, 5%, ERERY < —B G LV EiE - (1K
T ETER R SISk T 5720, ATV v REMEZEANLT-BEROBRNLEETN TN D,

1-2-4-6. fEfEBRR D E L ®

Lo X oz, flE o ITZ <IThb TV DA, PFSA LSO R Tk E 728 H 23
72 < BB X o THUEE OBIFSIRI A KR E < e %, ZDOBHIZ OV T, PFSA LISk
DOEME TITH IR A 72 < B CRAE TR ZAT A 20 ER, F/ UM EHE W26 T b il
BIEMEENED D MR RE LD D R, BEIZ X o TREEHE) 2SR E < B A
EMZETOND, BME ORI X o T EMEN T D720, A% OAEIERR%S I
X TED X RO END M)« £ MBS ORS) SREEEZLND,

7 v #E R, BRALKER, ATV v FRICE > TRHRBRCRMBEEN R D720, AV
L EMEORPUZ L > TERENBGET L, 41D MEAPEREM E, K= 2 Mb, JAHEFR{EE)
7o Sl AT TR OBFZERIS S ML E T B,

18



Rl
I

1-3. AHFFED B HY

AKAFFE T, AW BIEE OISR S I A bE TER TN 21TV, Z0h
THEREIN O 72O IS BB 2R e &2 T UL 2 ORI 2 Bl 2 3% 3HBR%E 5 2 L & H
32,

PEFC O EMALBLIE L2 < OMIFEEIC L > Tl S, EELEBE LG A, 7o b
8 AP, “AREREOBEREBEZDLERH D NN TnD, HWDE
fiRE OFEFEIZ X > CTEME O FF ﬂ%ﬁét%\%ﬂ%mﬁ%%ﬁhéﬁét (Z 7R
WRNEL) | ZNENOEMEICEDETEMRFDBLETH D, I 51T, BERALFHIZH
E4 %5 MEA OVEREIL. %ﬁE%L Lo THRELEZIT 5 1= il S O MEt b MHT
bo, DFV ., VEMEFIEORE . TEMEORET . TEXIL PRI ORET] 04
THREEIZRDHTD, Kﬁ TIHEINOOHEBZR2THRNT 5 2 & T, MiitEIkd b

L EME O R BREICAEDE CENTNEET L Z L2 BET,

ﬁﬂ%m;of%%mé%ﬁi\ﬁnx%m\wﬁ%m%a%#PHcm&ofﬁ%%?
BV A1%D PEFC OMFRA M RICENR D EMfFE N D, 4% b, e LTHEVWMERE
T2 I EMREN I S D EBbI s, EEMEEICHW GG O IZE < D
B335 Z LN TPREN D, Nafion 2 W T2 < OMFFEE NSRRI R b 21T - 72 &

DN, fFk, LRI R B D RE AT LT B O Bk O ik 5 Z & T
fisl AL B BR FE S B\ e & B S U D,

19



I XFE

Cathod

Anade
Membrane

Figure 1-1. Schematic illustration of the
membrane electrode assembly (MEA). -~

Connections
between each
cell

Oxygen
fed to
each
cathode

a

ce

Hydrogen
fed to
each
anode

cea cea

Figure 1-2. Schematic illustration of

cell stack of PEFC.
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Figure 1-3. Electrochemical reactions for different types of fuel cells.
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Figure 1-4. Types of fuel cells and advantages and disadvantages of higher temperatures.
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Figure 1-11. Structure of Sulfonated Poly(arylene ether sulfone).
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Figure 1-12. AFM tapping phase image for SPES and Nafion 117: (a) SPES-00; (b) SPES-
20; (c) SPES-40; (d) SPES-50; (e) SPES-60; (f) Nafion 117 (acid form). Scan boxes are 700
nm X 700 nm, and phase scales are 0-30° for (a)—(d). Scan boxes are 350 nm x 350 nm, and
phase scales are 0-10° for (f).
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Figure 1-13. Conductivity of membranes in water at 30 °C as a function of
degree of sulfonation for SPES.
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Figure 1-14. Influence of the sulfonation degree of SPES on the glass transition temperature (T).
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Figure 1-15. Pressure DSC thermograms for SPES-40 as a function of water content.

Table 1-1. Characterization of ion-exchange capacity (IEC), water uptake, composition of each
state of water, T, upper limit use temperature, electro-osmotic drag, and methanol permeability of
SPES copolymers and Nafion.

no. of water per sulfonic acid group, 4

water non- loosely T, of dried T of fully upper
IEC uptake total freezing bound free sample hydrated  limit use
copolymer (mequiv/g) (%) water  water water  water (°C) sample (°C) temp? (°C)
BPSH-0 0 0 0 0 0 0 223
BPSH-10 0.5 7 8.1 3.2 49 0 232
BPSH-20 0.9 18 10.8 3.6 7.2 0 246
BPSH-30 1.3 29 12.0 4.1 79 0 257 136 140
BPSH-40 1.7 56 18.0 5.1 10.8 2.2 267 126 120
BPSH-50 2.0 124 33.1 4.9 24.5 3.7 272 98 100
Nafion-1135 0.9 33 20.2 2.2 13.1 49 160 99 100

2 Data obtained from ref 8. ? Data obtained from ref 14. < Data obtained from ref 15.
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Figure 1-16. Typical TGA curves of PEEK and SPEEKSs with several sulfonation degree.
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Figure 1-17. Influence of relative humidity on (a) proton conductivity and (b) water
absorption of SPES and Nafion with different heat treatment; test temperature: 80 °C.

Figure 1-18. Influence of temperature and treatment method on proton conductivity of SPES-
35 membrane during heating—cooling cycles in the range of 70-140 °C (I: first heating, II:
cooling, and I11: second heating).
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Figure 1-19. Synthesis of side chain hydrocarbon polyelectrolyte via nucleophilic
substitution and chemical structure.

Table 1-2. Comparison of acid-form SC-SPAEs (as shown in Fig. 1-19 a)with other SPES
and Nafion 117 in water uptake, swelling ratio, and conductivity.

80 °C o (S/cm)
water swelling
polymer IEC uptake (%) ratio (%) 80°C 100 °C
Nafion 117 091 295 20.2 12 x 107! 14 x 107!
SC-SPAE100 1.81 36.0 13.6 75 x 1072 14 x 107!
SC-SPAES0 152 234 93 34 x1072 8.6 x 1072
SPAEK-6F-50 1.64 68 24 1.1 x 107!
SPAEK-6F-60 1.92 157 52 8.0 x 1072

Figure 1-20. AFM tapping phase images for acid-form SC-SPAE copolymers: (a) SC-
SPAES0, (b) SC-SPAE90. Scan boxes are 500 nm X500 nm, and phase scales are 0-10°.
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Figure 1-21. Proton conductivity of membranes composed of Nafion and ZrO,/SiO, as a
function of RH: (a) 80 °C, 30-100 % RH and (b) 120 °C, 10-50 % RH.
(a) 1.0 N (b) 1.0
80°C, 100%RH 120°C, 10%RH
08 —v— MZ10 —— MZS12-10
: —e— MZS21-10 08} ——MZS11-10
= —+—MZ511-10 s —e—MZ821-10
° —e—MZS12-10
o 06} 8, 06k
S S
S 3
= 04 = 04}
[ [
o Q \\b
—a— Nafion 112 44— MS10
02F —e— Recast Nafion 02F o Recast Nafion \
—=— Nafion 112
0'0 1 1 1 1 00 1 1 1 1 1
0.0 04 0.8 1.2 1.6 2.0 0.0 0.1 0.2 0.3 0.4 0.5 0.6

Current Density [A cm™2]

Current Density [A cm2]

Figure 1-22. Polarization curves for each membranes composed of Nafion and ZrO,/SiO, at
()80 °C, 100 % RH and (b) at 120 °C: 10 % RH.

Table 1-3. Summary of Modifications of PFSA Membranes.

polymer modifiers remarks

Naflon HaPOy 0.05 S-cm™' at 150 °C

Nafion PTA—acetic acid H2/Oz cell, 110 °C, 660 mA-cm™? at 0.6 V, 1/1 atm, humidifier 50/
50°C

Nafion PTA-TBAC Ha/0; cell, 120 °C, 700 mA-cm~2 at 0.6 V, 1/1 atm, humidifier 50/
50°C

Nafion S102 =0.2 S-=cm™!, 100 °C, 100% RH

Mafion S10; DMFC, 145 °C, 4.5/5.5 atm (air), 350 mA-cm=2 at 0.5 V

Mafion Si0z/siloxane H2/0O2, 130 °C, 3/3 atm

Aciplex Si0z/siloxane H2/02, 130 °C, 3/3 atm

Mafion Teflon + PTA Ha/Oz cell, 120 °C, 400 mA-cm™2 at 0.6 V, 1/1 atm, humidifier 90/
84 °C

Nafion ZrP DMEFC, 150 °C, 4/4 atm, 380 mW-cm2 (03), 260 mW-cm™2 (air)

Nafion ZrP Ha/Oscell, 1.5 A-cm 2 at 0.45V, 130 °C, 3 atm

Naflon di-isopropyl phosphate 0.4 S.em~! at 25 °C

Naflon SIP-PMA/PWA 0.005 S-cm~! at 23 °C, fully hydrated

Mafion SIWA (+ thiophene) fuel cell test at 80 °C

Nafion S10z, PWA—3510;, SIWA-S510;2 140 °C, 3/4 atm, DMFC, 400 mW-cm~2 (O2), 250 mW-cm2 (air)

Nafion PMoA + Si0:z = (0.3 S-cm ! at 90 °C
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Figure 1-24. Comparison between H,/O, PEFC performance of MEAs employing Nafion 115 and
115/23 wt% zirconium phosphate composite membrane at 3 atm and different operating
temperatures (Ta/Tfc/Tc indicated in the figure label).
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Table 1-4. Summary of inorganic-organic composite membranes under development.

Conductivity / (S/em)

organic component inorganic component comments
SPEK, SPEEK ZrP + (5102, T10z, ZrOz) reduced methanol crossover
SPEEK Si0z, ZrP, Zr—5PP 0.09 S-em™! at 100 °C, 100% RH, Hz/02 fuel cell test at 95 °C
SPEEK HPA 107! S.em™! above 100 °C
SPEEK BPOy 5 % 107! S-em™!, 160 °C, fully hydrated
SPEEK 510z 3—4 % 1072 S-cm~! at 100 °C, 100% RH
SPSF PWA 0.15 S-=em~! at 130 °C, 100% RH
SPSF PAA 0.135 S.em~! at 50 °C, 100% RH
SPSF PAA 2 % 1072 5-em™!, B0 °C, 98% RH
SPSF PAA H3/O; cell, 500 h at 80 "C and 4 atm
CDI
—
SOzH ?Oz
N
L)
N
HzN(CH2)3Si(0C2Hs)s

(?Hz)a
Si(OC2Hs)3

Figure 1-28. Modification of SPEEK by 1,1’-carbonyl-diimidazole (CDI) and 1-(3-triethoxysilyl

propyl)-4,5-dihydroimidazole.
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Figure 1-29. Proton conductivity and swelling ratio of SPPEK/PTFE/ZrSPP composite

membranes.
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Figure 1-30. Schematic illustration of the three-phase boundary at the catalyst layer.
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Figure 1-31. Cell potential/current density plots for  Figure 1-32. Cyclic voltammograms at 50

H,/0, fuel cells at 50 °C, 1 atm pressure; (A) 0.35 °C for fuel cell cathodes in argon

mg-p/cm? with Nafion, (B) 4 mg-p/cm?, and (C) atmosphere, 0.35 mg-p/cm? (solid line); 4

0.35 mg-p/cm?, mg-p/cm? (dashed line), 0.35 mg-p/cm?
(dotted line).
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Figure 1-33. Schematic illustration of the electrode: (a) without the gas diffusion layer; (b)
with the gas diffusion layer.
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Figure 1-34. Cell potential in H,/O, for electrodes E13 with a gas diffusion and E15 without gas
diffusion layer between carbon paper and catalyst layer.(70 °C, 100 %RH).
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Figure 1-35. Schematic illustration of the preparation process of the catalyst layer (paste method).
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Figure 1-36. IV curves on the electrodes prepared by the paste and conventional

methods, respectively, using Flemion solution and Flemion membrane at 50 °C and 0.1
MPa. Pt loading 0.5 mg/cm?.
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Figure 1-37. Schematic illustration of the gas diffusion electrode (GDE) based on catalyst layer
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Figure 1-38. TEM micrographs of a cross section of a MEA prepared with GDE-II (as shonw in
Fig 1-37): (a) near the GDE/membrane interface (40 wt% Nafion), (b) in the middle of the GDE
(30 wt% Nafion), and (c) near the GDE/carbon paper interface (20 wt% Nafion).
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Figure 1-42. CL compositional analysis for
SPEEK content of 10, 20, 30 and 40 wt%. SPEEK Nafion_CL and SPEEK_CL containing

1.9 membrane, 50 °C cell, 0.2 L/min H,/O, 100 %

increasing SPEEK content.
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Figure 1-43. 1V for H.,/air PEFC at 80 °C, 75 % RH and ambient pressure.
Anode catalyst loading: 0.2 mg/cm? and cathode: 0.4 mg/cm?; membrane:
SPEEK-5 (1.75meq./g).

33



H, H

@ c & e c siC
I
(EKDhSi’// \\\C/// \\\C/// ~\\c/// \\\C’//
H, H, H, H, 0.8 %
® & & & Si(OMe) w
i(OMe)5 w
(MeO)3Si/ N N N Z g6
A, H, H, g
© & Si(OEY) 2
NG P 3 k:
(EtO)Si ﬁz :'E 0.4 4
(d) 'c-:iz gz o B
P . T oW
(HO)sSi ﬁz 1 OH G5
0.0

Figure 1-44. Structural formulas of precursor:
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Figure 1-46. Comparison of the proton
conductivity of the present hybrid membrane
(TES-Oct : (THS)Pro-SO3;H= 1) with that of
TES-Oct/PWA(10 mol% PWA) at 100 %
relative humidity.
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Figure 1-45. Comparison of polarization
curves of hybrid electrolytes-based electrodes
with BTES-Oct/(THS)Pro-SO;H and Nafion-
based electrodes.
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Figure 1-47. Comparison of performances of
the cathodes incorporated with hybrid ionomer
(0.3 mg-p,/cm?) and the conventional Nafion
(0.5 mg-p/cm?), T, = 80 °C, H,: 200 mL/min
(humidified at 90 °C), O,: 100 mL/min (dry).
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MEA DL A5 S 2 BEARE AR U ~—1%, BUK Tld Nafion IZRESn D7 v F#E
REMER Y ~—(PFSA)MEDLIL TS, LML PFSA L, Mo A b, mEREAN., #HIE
FERPFEDRNE WS T RARH Y . ENO ORI 24 2 D RILKBREMRERY ~— DB
FRNIEFICL<ATONTND, RILKFEREMERY ~—1L1-2-2ETEX L@, FIT
Sulfonated poly(arylene ether sulfone) (SPES). Sulfonated poly(ether ether ketone)s, Sulfonated
poly(imide)s 72 &', LRSI EN AR ENTE 2, MEORLR DAY T~v—LR Y ~v—
IEBELRT LI LT, B E 2R OEMER) ~—2 BT L TE 5, £,
PFSAIZHA~H 7 A v < . miRfEE~DOWRF b H 0 | RALKISREMRER Y ~—I3
HFETHD, ZHFETIT, BEMEREL LT PFSA IZVLHET B A % < BigE iz s, fibiifE 1o

IRAGKFZREME R Y ~—Z BN LRI 7,

ALK SFE REME AR Y ~ — 2 Al 238 L 72 MEA T, Nafion (2R CTRIGIZIRVVE
FECHEREME T 5 (Fig. 2-1) ' 28, ZOERFRIFMA ST, £, RILKERE
RER )~ —I3Z IOV SN TEY, RY ~—HEICL > TRY ~—FpkEp B

b, PEo T, B IC W B O EMRE AR Y ~ —(ionomer) & L T E /RS, ﬂif@ﬂ:@
7O OIEOFEE 2 B3 2 L3RIV, RILKERZEA L 7= filiitfg o w25 I
MDHEEZOND, ZOHIEELEZDBRICKERZ L%, R 7~—$—ZET~‘O)5Wﬁ7bxﬁﬁb
bHZ L, BTORYv—THEABTHLZ ERE TN, UEEBEL, A4F5ET
X, BRERY ~—O&ESTYEICER LT,
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IKFREME AR Y ~—7% jonomer & L CHWZEICEN & LTE 2 b5 KT, ()LD
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REPEOFE, (dEEFRETSUSOHHE, ()EFHEOHENFT oD, ZON, (d)&(e)
1L, Nafion % & [7] Ul 2 FIVN TV A 728, 100 mA/em? BL_E o i W R BE fE Cldig &
A EBFEWTR OGN, KoT, @~C)PMERBIE TOREREREEZEZONDL, LrL,
FEFEIITAIAFIR 2RI TR S 9, ionomer DOME | it i | T hEBR O #E R £ T
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ARETIX, RILKFEREBMEAR Y ~—% ionomer & L CTHWIGE OflLERH% & L,
MEA PERENME T 5 K 2. E3E(@)~(c)D 3 DIZBIHE4 % ionomer DI B, Bh3E %
WPE, e b AREME) ZRHET 5 2 & TR, YO A R L. £
DY % BB RS 2 522 L, S OICEM GBS R4 IR U CHEREIR T OB % fiR B
T 5. BRI DN L B L, RAWKFEREME R Y ~ — 2 g (2 v
LG TCO, PREIEMMERED M LT A RGHEM AR T O 2 LA HNE TS,

2-2. EB

2-2-1. BRRERY ~— DA

ARFZE I, RALKFERBIRE R Y ~—& LT, HEBIARAES T, BUKER & B
EHTDHT X LDBROILEAIRTH S Sulfonated poly(arylene ether sulfone) (SPES) % Ak L
7o LFICERRFIEZFE T,

2-2-1-1. 3,3’-disulfonated-4,4’-dichlorodiphenylsulfone (DSDCDPS) D&%

4,4’ -dichlorodiphenylsulfone (DCDPS) % A /L 7k >k L 72 ALk ALE / ~—DSDCDPS O &
% 1T > 72 (Fig. 2-3)° ', SUSITREBETFEHRLIETH Y | BHIHEL UG T H 5 WERD OH
a2 @D DT OIS %+ T 2 0BRSS,

DCDPS 60 g (0.21 mol) & 2.2 {555 & D3 L 74 mL (0.46 mol) &+ A 7 Z A2 lThNz | &
it 2 AT 110 °C T 6 RFEIINEN L 72, B A =R £ TMmAIL . 1000 mL DK HHIZKEE
THAEIL 723 B 7=, NaCl 200 g # 0 2 THidT L. Phik U7z s 28 L C B o EifR
AT, 372 EAR % RO 7K 1000 mL (Z¥EfiF S, NaOH Z iz HFfn L7z, & 512 NaCl 200 g
ZINZ CTHOENT L, 0 L= RS2 18R L CABaOBR%Z1S7-, RO K 500 mL f&EIC
Bt % N %, 70-80 °C F2EEIZHNEN U CYAfif S 7=, 2 ORI % (R FELL T 6 {5 Isopropyl
alcohol (IPA)IZ Nz CTHL &1 (IPA/water = 6/1(v/V))., Hil 1l — T L, EZR (100 °C,
24 )L CHBOMKREET-, B LIEE ) ~—3SIEEECH-NMR, Lambda-300MHz;
JEOL) Z IV THHT L 7=,
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110 mU/min FBREE L U7, B8 % 30 R RRE RS SH 70 & ZITRENE < 720 . BOSIRE
TR CEAZEELE, @B KCO; CEAIENL, BEROKR) ~—RKICEEND
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(DMR)Z NN Z 723 b /R L —& —|2 X0 B L7, (KR TER L% 20 50 IPA ZH W T
Bk L7z, oA ~—%Em L, H4EEE (100°C, 24 h) L7z,

2-2-1-3. RV v —OFHf

KT D SPES Oy T BN AR T D120, FViRBZ n~ 777 4+ —(GPC) % A
W T 0 B DOMIE 24T > 7-, GPC (L-7100; Hitachi Co. Ltd, Shodex Colum oven A0-30;
Showa Denko K.K., Shodex RI-71; Showa Denko K.K., UV-L7400; Hitachi Co. Ltd, Shodex SIC
48011 ; Showa Denko K.K., Shodex Asahipak GF-7MHQ; Showa Denko K.K.)IZ FHV 7 ¥R BRI
DMF (Z LiBr A7 L 72358 & JA O ° I ER 213 40 °C T B HE Sy 78R U ~ —(TSK standard
Polystyrene) (=4~ % AHxf 73 B & KD 7z,

B LIZE ) ~— B ~— O E RS 572012, 'HNMR IZ X 2 HIE LT 72,
'H-NMR OfEREN G BE LR ~—DF ) ~v—2=y 472 ) D AVRVIBEGHE )
~v—a=y MNE(ALRALE  DS)EHEH LT,

2-2-2. RY =—WptkDORIE

AWFZETIIAR Y ~—pik & PREFEMMERE 2 BhEfT T B 7=, BRE R Y ~—HBEMToWY
MR N EETH D, HIMTOFMEZLT ) 72010, BMRER Y ~—% i (cast BHIZ L., 4%
FRMMERIEZ 1T - 7=, F 7ol & LT, Nafion O 2 1% Nafion NR-212 &% F 7=,
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2-2-2-1. cast fRO{ESRL

AR L 72 SPES %, 20 wt%!Z 72 5 & 9 12 N,N-dimethylacetamide (DMAC)IR I AR S BT,
ZORY == K E T T AR B REARZEZ bNDT 7Y r— 4 —(TESTER SANGYO
Co. Ltd., 1117/100 mm)Z HN T, A&7 BEEN 60 um F2EEIZ 2D K OB L, T A
TSR B 7223 5 80 °C OTEIRAE CINEA L CIAlE A bR U7, FL28rfg (100 °C, 12 h) %17
S THEIEZERE LTz, o7 cast BEIKP TRABSETH 7 AW RIEEL 72, F641
7= cast 1%, 90 °C ® RO /KT 2 BrfEEVLIE 2 L7- ",

2-2-2-2. FAEEORIE

BEAERIL, MEIC XV IEOEN RS, i, WENE 2 DI2E> THEFIZK
NEHALCIADLZNLTH D, O, SHEEL, ThbbENEZ 5, ZholEgMk
X, IR Y v — 2B AT LB BBEOIBARET 520 G022 LT HE
77 HE—=IT D,

AR CTERT DAL 5 13, TR & RO G K BEIC L 2 EE L ThH D, X
2-1 ZHWTHEHE L,

55 (%) = Vit %100
Vdry
Vet [ ZIRIERF OEALTE, Vary [ FFLEFRFOIREFE T D, Fokeic, X 2-2 2 H W TEKE
WU OHIE HIT- 72,

Wwet

WU (%) = [w —1} x100

dry

.. .2_2
Woer (ZHRHF O IRE &, Way (IR ORE R TH 5, MR LSRRI L, VB
5ERRBR 2R (SH-241, ESPEC Co.) I & IREE(60 °C) A PR RBICET 5 £ TR DL, T D%, R
BRER/P DY H LTI SICIEEIT > 72,

2-2-2-3. BEFZRBBOHIE

BIRE AR Y ~—OBFRFBFEOFEHIZLL T O KL 91297 - 72, Nafion NR-212 & SPES cast
g8 2 45 E 3 5 7 A 7 5B (GTR-100FM, GTR Tec Co. )12 35 L, R DGl EZ2 T A 7
n~ k757 4 —(GC; GC-14B, Shimadzu Co.)IZ J ¥ #i i L 7= (Fig. 2-6)', GC DA T AIZiZ
Porapak Q Z fV>, He &+ U 7 — 4 A &34 30 mL/min & L7z, Fig. 2-6 (23 XK 512,
Xx VT —HAMHe) &V T INHA(0)%E/NT T —IZilT LT, EoWwmEEL =2 ha—/L
L7c, F72, BEOWREEIL60°C LEE L, MEIIKEKORBEZD TodIlionT7 7 —R Eil
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Lo bm Lz, BEBIRE Po, (cm® cmi(s-cm?-cmHQ)) 132 2-3 # W CEH L7,
gxl

 Ax pxt

0,

Z 2T qlEGC TiER Lo EmE(emd). IREE(em). A S EERCemY). p ITRKE
(cmHg). t IXRIERERIGS) 2 FNENFKT, T T —OREIZ KV AHXHEE ZHl#E L. Po, D
1B EE AT 2 R L 7=,

2-2-2-4. 70 b ARERE ORIE

7'a b AREN LT, BERERTE T e ORI EENERLTEY, A4 URED
HEPLERRD L TTa AR EELRZRDD Z EBNHKD, HDHEBIEEZNT RO ERE
WnZ LT, A—2DEHEHNTHEMAFR T2 N TE, RifiA v E—F A RE
TIE, BEZ L, EAREEZ(LSEZ L EOBRMEAR Y 5 (RHICT 5 2 & T,
DA F DR %P5 <) 2 & THEN AR TH 5,

Fa N ABEMEIAR A L E—H L REIC LY, A L E— X 2 2T F T A F(Solartron
1260, TOYO Co.) & W THIE L7z, BEH M ASR A A, 2 515 TiTo 70, &RIFIE.
IEE 60 °C CHEHRE 2/ MilBr BEalBigs CHIgI L, X 2-4 ZHWT T 17~ ARESE o (S/em)
ERH L,

““Rs
. .2_4
Z 2T LI A4 BB FEEE(cm). R IZHE T b - HEKHUEQ). S X E RS (cm) ThH 5,
LERTHLOMDERY, v N AREE IO TH 5,

2-2-3. REMmEESA(MEA) D/ERL

2-2-3-1. EBRBOIER

EHRE 3 ODOBENLA-> TEBY ., TSI N—R L ~—/3—(CP), H AJL#/E(DL). fillit
J& LA A s B, DL 4 — R L FEFE O KX X0 Wulcan® XC-72 & . PTFE
MRS, PTFE X, CP<° DL TR ZHEH LT K 375 72OIBA SN TS, CP EIZ
DL %#%:fii L. PTFE & #2440 S8 272812 350 °C C 2 MefibERk L7= %, Bemk L7= DL
O B fibiiE 2 %A L, mimE L,

A RN Ikt 23 B 70 2 A TR OB A /ERL U 7=, Lhik O 72 8012 i |1 238 A 3% ionomer
& L C Nafion Ak Cil#d L 7= B2 E#L L7, PYC & Nafion DX, £ 2:1 DL X|TE
WHERER RT L Ebh Tl ¥ SPES EMIIC PTFE # A b 7=, 2 & T
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Pt/C:Nafion:PTFE = 60:25:15 (L4 Nafion i & i§97) & L7z, il iz SPES(x:45)>&£§;/\ L
7= SPES M 2 FEME/ERL L. —>l3 Nafion dEHE & A L A3 [F U A M4 (SPES i),

— D% PY/C:SPES:PTFE = 80:5:15 DM A {4 L 72 (SPES-5 fEf), S HIiZ, 7w b /41:%
DL BT 572010, ANVKRALE D EV SPES(x=56)% VT, Pt/C:Nafion:PTFE =
60:25:15 @ SPES &M & 1ERL L 7=,

TERRERLC VTV SPES 12 BIATE T & DM A HIAEE D H C . DMAC %I L 7=,
ALK EREME R Y ~—%2H\ -84 . DMF X° DMAC 72 £ 15 0 FLES A AT 2 524K
L7258, &0 g oze Ly < o PEREDN A BB s ST s P, 72, DMF
1% SPES D Z /LR gtk L AKBREG M AAMER R, 7'e M AREENMELS 22 @ E b H D
2 1 Wt% T SPES # ¥/, filit<—= Mif%’»ﬁf - HFEI A 30 TV S 72, DL O
Il 2 A%, SERICIRBE A BRET 57201, 90°C T L2 R EZERE L, 20% 1
mol/L @ HCIO, /K ¥R CHEH:, RO 7K THES %ﬁo 7=, Pt O AR, 42T OFEMT 0.3 mg/lem’
CEE L, EREEITSom’ & L,

2-2-3-2. MEA D{ERL

MEA @ Anode & Cathode D fifiilZ L, [F UM &2 R o2 2 vz, HiE
filffE: & RO /K CEMLER L 7= Nafion NR-212 i FHV N, D il |2 AR A BE LT 130°C T 1
SRR Y LR EFTU, 2 kN TEVES S8 MEA 27ERLL 7=,

2-2-4. BRBOIEEIENT

2-2-4-1. FE-SEM D #IE

S A% 1 o fE R L. EE S R B E A R R - BH % 8% (FE-SEM S-5500; Hitachi
High-Technologies Co.)Z i\, K& U DRV ~—%BlE33 5 7= DIZEEE % 2.0 kV
ELTHBIZE L., MEAWTEIZY v 2k 27 3 9 R Y &+ (SM-09010; JEOL Ltd.)% fv>, AN
W 5.5 kV Tk L7=,

2-2-4-2. KFEAIEDORIE

PUC Kit & EBMEARY ~—n b7 ofbllE & g 25 £ 22 W IRidE O MILA T %
RERTEANIEIC L0 @8 Uiz, BIE AL A ) E 2 1& (AutoPore 1V 9500; Micromeritics Inst.
Co) & HWTIT o 7=,

HEFLDN B L RlBHIKER 2 Hefih S B 7256, ARSI 2 LN ITAKREN R A LIS 5 M FLE
P& HBIORERIZH D | NAZINE LTV, K0 /NS 7L £ TREDIEA S LD,
AFLOBERER (m)iL, RKEAESy (N/m) & #fifq0( )25, Washburn D (2-5) % VN CHHY
AIRETH D,
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&
I

RP =—-4ycosé
-+2-5
IKER D— R 72 BRI R 2 el 13, 9=140°, FHEE Sy =484x10° N/m TbH 5, JE/
P(Pa)xZ b &, ZOREOKEBIEHE DENZRET H 2 & T, MALoAm - FFEHHIE FHE
Th b,

2-2-5. BREVEMRER

MEA OMERERH %, BXALFARIEIC L - TiT> 72, MEA % 3 7 L& )L (ElectroChem,
Inc)izt > b U, AR EL, WEILBOZEZ /NS <352 oHfitiE % H/O, = 100/500
mL/min EERE LTz, HAXBMIBAINDANIANAT 7 —Z@EL, EEra hr—LL
72o MEEEIX. Anode + Cathode iiffi & ¢ 90 %~50 YFH i (RH) OFFH CITV >, B/VIREEIX
60°C & L7z, BIEEICL HENLVEME, 8 T ¥ o R/VFELE (HI1010SM8A; HOKUTO
DENKO Co.)%& iV ClllE L 7=,

2-3. FERLEBE

2-3-1. EfRERY ~— DFENT

2-3-1-1. DSDCDPS Df#E#HT

'H-NMR % I\ TA Rk L 7= DSDCDPS Ot 247 - 1258 % Fig. 2-7 1R ¥, Z OFER,
#B70 b ATHKET D E— 2 b, MR TR L7- DSDCDPS T % & J# B T & 8 DCDPS
)10 L T2 ODANVKRUBREAZEANTE TS I L& L, £72. Mk
#% D 'H-NMR F— % 75, DCDPS [ZH k4% B — 27 MRk L T\ 5 728, KRG DCDPS
BFEL TWRWI & bR STz,

2-3-1-2. SPES DfE#T

'H-NMR % H\WTE L L7 SPES DT 21T - 1= 5 % Fig. 2-8 1k d, &7 1 ko IiTH
KT B E—r 00, HiEROmE Y BIEARY ~—SPES ODARITKL L1z %,

SPES DA, ALK UERIEICK L TANL MLO HJFE 7O E—27 73 8.25 ppm Tz, %
NS DALE D H D E—27 8 65~8.0 ppm (ZBE SN Z LICEHL, ZhbDE—
7 B SPES D ANV AMLEDS)ZFH LTz, AR UERIEH KO B — 7 [HfE % Asosms
6.5~8.0 ppm O B — 7 [HIFED A F1 % Agher & L. SPES D DS % X %5, ALK b=
MIBEEND ANKRFEEBKO HIFEFIX 2, ZOMOHIEF U4 ETHL, £/o, KA
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N A=y MIEEND HIRFIZ16HTH D, L7ch > T, AR CRimko H R
T & 20O H RO i
2 X :12x+16 (1-x) = x : 8-2x
THD, T Asosn & Acther PELIZEE L WD T
AsosH - Aother = X & 8-2X
LD, Tk,

xc%)z-——%g__xloo
2 + ther

ASOSH
...2_6
L7720 65~8.0ppm D — 7 [HFEN D AR ALEEZRDDHZ LN TE 5, SHEIEHK LT
SPES O ALK ABEE x 1%, 45 Lg oz,

2-3-1-3. 3 FERIE

FIREY m~ N7 7 (GPC)& VT, Ak L7z SPES OFH%I /7y & AHIE Lz, Ak
B & BT L D 0ROy T84T % Fig. 2-9 (R T, £7o, FOPE 0 7 &(Mn), HE
Sy FBE(MW), 2T E55 A (Mw/MN) % Table 2-1 (ICHE 7=, BT 24T 9 2 & CIREFRR 28
30 4yLL B>, 10,000 mol/g FEEE DK FRICH KT H B — 7 3Kk Lz, BITIc k> TA
JIav—MRREINTNWD I AR LI, BEEMICHWDIRY v—I2, K704
I~ —DHET D56, BUKIZET T TReMER & 5720, @ L7z SPES Z LI W\ e,

2-3-2. R Y ~—tk DfigdT L S EEE

2-3-2-1. FAEEE DfRYT
cast i 2 FNCTHIE L 72,60 °C TORZEEE & & /KR OF xHE BT D& 5 % Fig. 2-10,

2-11 12N ENRT, SPES DA ICIRERFMEN R E <BUIS Fv, AMRIZ 98 %RH T
168 % & 72 o7z, —7J7. Nafion DA IR, 98 %BRH FTH 113 % ThH o7z, T DiEL
I, RO EKEE R Y ~—HEICER LT\ EFbhTE Y, SPES 72 K Dfx1t
KRBREMERY ~— 1T EKENZL L, Bl - BUKERDS Nafion 1Z EBREIZ /3 070 TV g7z
OIAE Lo 22, E 72, 90 %A b ABKICIAMEE ST % 2 & 6. SPES THHMM
RMEL o TV D, TS DR OEVICHOWTIL, Nafion D7 T 2 % —#EiE L &
KB L % IS, Nafion & SPES OEEHREE D& & b 5 0%

2-3-2-2. R BEERE DIENT
60 °C T SPES. Nafion i D 3% %2 5k Po, DI FEEEME % Fig. 2-12 1R, KR,
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&
I

SPES @ 5 M e F HBIRE MK BRI D K E W2 & ABIH S 7z, 98 %RH T,
SPES T 2.0x10°, Nafion T 5.8x10° cm®-cm/(s-cm?-cmHg) & 72~ 7=, Z @ K 9 e,
AHFFE & 1T H e D BRACFH R JE 22 EICB W CH [RRRICBI S v, BEREs FIRRE T
3?)5 24-26O

cast f5i7g & D HEALMERE O AR ZEIE Tl IRERE~DOKEOEM L | I TOKBEOILHRD
2ODNT A =L =N | FMRBITERRE & ILBAREBORE L L Ciliam S 415, Nafion &
SPES Tid. #LHUREIC R E ZEWNT /WA EEEEIZIEV 2 H Y . PTFE ‘B % @ Nafion T
AR D3 < L B/ E < IRALKFE B D SPES TIIIRMEE M2 | BER BB fRELC
ENECTZEBZBND P,

2-3-2-3. Fu b UAREE DFENT

SPES & Nafion O 71 b AREEE O FEARAFME 2 JE L 725 R % Fig. 2-13 127”77, SPES,
Nafion FLICIRERFEN R S, BEMELS 221> T e AR EE BT L, &
FEMELS 22 2 LIk BERNOEKENZLL, 7a b BRBEIHRIZS Kotz 2 &
WRKETH S, F7z, Nafion & SPES & DLL#ETIE, SPES O MREARIFENRKE N, =
id, —BICHERS A TWA 2 Tho . Bl L7z b . SPES 72 & DAL KFE R EM
B ~—2fITEKMEDE5 <. Nafion 72 ED 7 v FRIZHRI 7 afjoBEDR R LS5
WZ EIZERT 5,

2-3-2-4. SEM 1T & BBl

MEA 7% {E5ds% | IR S5 1A o Wi 2 BT L C. AlEEE O NG D812 %2 FE-SEM Z v
TAT- 72, 4114 (Backscattered Electron image : BSE)IZH AR U ~—IXE L2072, 2
WEFBSE) L AR Z L THRY ~—DBIRN R TH D,

SEM @ BSE & Cld, K &N DW=l BE4eR EOESBITHAICHRE TS Z &N T
5, LnL, RU~—LC & HTEIIHEINTNDIZD, MHERT DI ERHRRW,
SE4TIIARY ~—@aiEd T 52 LN T, Fig. 2-14 1IZ/~:718Y BSE B & SE B4 Rt~
5 Z & TR — R R 2R ) v — 3 E S TV D ED MR S, SPES 1IN
7= (1.2 glem®), Nafion (2.0 glem®) & [RIFRME DA BOBE, HIRKETHRY ~—2
HOLEMMN LN ERTEEING, BAELZHD LI2GETIE, ZREF2/ha< ko
TEY, RI~v—BOEALLE 2> TWND Z LA HRTE T,

2-3-3. AV =—YtEOREEMMEEE~E X 2B ORE - e THl

BoNTER) ~—0BENS, R <~ —03REFEMMEREICED L D R BE 52 5 0%
BT D, AT SPES 72 & DRALKFZREME AR U ~— M CTliX, Nafion EMIZLE~T
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PERRAR TSR D03, EOWMEDS SPES BB MEREK T O JRK 232 7R U ~ — i & fil i
WEx FBITB 8T D,

2-3-3-1. [AEDOEE

fAE DB L LTI AFLPAZEIC K D FERIEBPAENE 2 D g (2 H v 72 ionomer
DG 238 WA TR B ILES AN 72 0 (Fig. 2-15a), B MR BT LB
AHNZ 72 5 (Fig. 2-15b)ﬁfﬁ%¢$75§%2 LD, FRCMBRILBNEE Th 5 ML TOREIC
DWTELET L, £I2 T, M L2 ZMALOZE L Z X EFHE g (%) & L THITZIZESR

L. E?jauﬂﬂ'a‘é
Z2HLERIZ, ﬁﬁﬁ;@@@ﬁfﬁk}E&@/}iﬁiﬁb‘E fil b4 4 5 — R > . ionomer. PTFE
75:[5?1/‘7’_ SO DEIEEFET, AW F T DR ZEFLE g 1L, ionomer DFFEE &

BEORELZET 57, ionomer ﬁ)ﬁ:{f Li,tb\}: X D22 FLIAFE(Void without ionomer)(Z
*F9°% ionomer 2MFET 5 & & DOZEFLIKFE(Void with ionomer) D LE3E & L 7= (Fig. 2-16), ¢
TROXHHEH L,

W x(1-—m
VA-CB ZL ) ( )]+VPore

P(kB)
V. =Al
Vlonomer W(lonomer) ﬁ
p(lonomer) 100

_ Void with ionomer <100 — Ve —Vacs —Veree —Vionomer <100
Void without ionomer Voo —Vace —Veree

co7
ZIZTCVBE LT —R 77 v 7 (Agglomerated carbon black; A-CB) O —IRAHFLIZ ionomer
PRAL TR ERE LT, €D A-CB OEEEENERDO KT, 37200 b — U FLAFE(V pore)

T, KEREAFEORER N SFH L2 27X 10%em’® & L7z, Vacss Vers Vionomen Verre 151
ZH A-CB, fitliiff& . ionomer, PTFE DRTEZ R, £72. Weve)y, Wiionomentd PYC & ionomer
DFEEANELZ, m (TASDZHEL . pre)ys Pionoment® Ketjenblack & ionomer DFHEEZ . A4
AR A, SRR A e E R, IR A LR, —RAVIR 22 FLERDN 40 % T
HHZEMBWE L, 75um & Lz,

K 2-7 Z W THIXIZE L ¢ 2 RO -5 S, RH =98 % T, SPES AR To= 15 %, Nafion
M T66%L7R>72, DEV, SPES BMRIZI W THIRFZEFLRDIER IR < | “UHIFLIZA
FIZHAZE ST <, MR EOREITRE N &R S,

Z D¢ DREFEMMERE~DRE L LV RICER T D720, [ ZUGHILOBESRILE O H L
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&
I

|, OF Y TRAFL TOERR OB & LT 100-¢ & EFE L. 100-¢ OFE T E K7 %
MR LT, FDfEHR%A Table 2-2 & Fig. 2-17 (R 7, Z OEIL. EiFHIEE VI CResEiL
BD MEA PERBIZ G- Z BN RKRENWT LA EWT 57, SPES B CIFITHE S, 2
90 %RH LI ECRIKIZEIN L7z, % Y SPES M CIL, WML COREEILH DO FEIT K
X<, EHIT90%RH LA ETHHFIC/R D Z ENRBENnT, £, BEN TR LITH- T,
AT OB L /NS D 2 EBNFRHCHR TE T2,

PLEDORER G AR TRAMIC X 2 e inmcdiE ) 23 SPES BAROYERRIK N =72 5K &
L7=%6. WEZ P =8E8 R EbEmMEREN A L35 Z &R THIE LTE 2 65 (Fig.
2-18),

2-3-3-2. BRBERDOKE

ALK FZREME AR Y ~— O FEHBEMEDMRNZ L1135 TER Y | Fig. 2-12 IZ/RTE Y
Ak L7z SPES BEIZ BT KD o 72, & DRV ERFR G IRIEN B OMEREIS T OFIK & Sb
N TE Y (Fig. 2-19 12777 &L 9 ITHIFLZ S5HL L 7= 232 73 ionomer Ji& H & 125189~ % 12 ionomer
RS TEWRHDLEEZOID, TOREL, WEELZ KRR ERT D,

A lEl, ionomer i TOMERGIMOM L S &, Hiic|TeFEEZBIEST Ro, L EFK L, SPES &
Nafion & DR A4T 7=, BFEFWIGTTHEXHE CTI%72 <. Nafion ® 98 %RH TOHEfE
AECHEM UARRMECH 0 | WHE S, BEp, BRFRFERE Po, Z % L. LU D 2-8
AHWTHEM U, 72, ZRALFJE 0 ICHERE L 72 ionomer DEAZ & ATEETH 5,

R. = S(SPES)/ S(Nafion)
o, =

2
(p(SPES) / Pivaton) )X (Po2 spesy/ Po, (naton )

..2.8

RH =98 %I(Z35V T, SPES & Nafion DM DAY 1.5, FED N 0.6, BEFEIBIFRE
DA 034 TH D728, SPES OEFFEIERAHL Ro, 1%, Nafion ® 112k L CT7.2 LHEHS
5. OF V. Nafion TEMIZLL~, SPES A Tl ionomer H 2N 7.2 5% L#H 2

EEWLTWD, S 6T, BREmIRH O E KA 4 R L 725 R %4 Table 2-3 & Fig. 2-20
2R, MHE BRI HER TE . BEN TRDITHE - T, MEFBEIHAEM L 72,

PLEOREFR X Y ARIZ Tionomer & 1 k3% 1 éﬁj 2% SPES FEMROMEREIR T D F 725
E LG, OB LTI, WELY NP7 E I CREF B REME T35 2 &R
TFHIE LTHEZ 55 (Fig. 2-21)0

2-3-3-3. o UAREDE

fiiE N TO T 1 h I AREICOWT(Fig. 2-22), 71 b ARENREFEMMEREIC S 2 D
B Lo RIS, v b ARBERPTE LTRETT 5. 71 b AREEE, Kilo
W ThH D, €> T, 7'v b ABEVEDREFERMERRIC 5- 2 5 BRI >WTiX., Vo
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THH L7z, 7 va b AREEHL O RO B4 | Fig. 2-23 (= L7z, FHXHEEE R AFNE
PHERTE, MEN TR DHIHES T, 71 M AREEFIAINL 72,

PLEOREFR I Y . K2 Tionomer 7' & b AZEFM | A SPES BEMOMEREL D E 72K
& LTeYa . RGOS & RIS, BE L T 7258 I BFEMMERENME T 5 2
ENTHE LTHE Z B 5 (Fig. 2-24),

2-3-4. BREVERIERE

2-3-4-1. Nafion EMR & D Ll

ARk L7- SPES TYESL L7~ SPES 7EM: & Nafion Bk % & A 72 MEA 0, BREME HPERE Ok
H-% Fig. 2-25 |27~ L 7=, 90 %RH Tk L7284 . SPES i T 500 mA/em® £ & i /e
PEREIS T MBI S Tz, e Ao ALK B RBIRE AR Y ~—THElI ST\ 5 L 5 2342828
ERBEN D DBRESVER COMEK T TH Y, Ml & o RIRIETEIC T BIR O EI
Th b,

F 7o, REVEL) AR SPES B THEREDMEVNAS, Nafion 5 & &R & OfEA1E -
BEMEDMELS . IR B2 LIChkT2HEETEEZELX oD, R ~—D(LTHEETH
% H 5 AR 1L, Nafion © 130~140 °C, SPES 2T 250 CRETH D 2%, 7=, ®1k
KFERERNEBE, EOERFEMETF T 2 bMESA TS L LrLIAbD
ZH %, 500 mAem? P DA A EREIR T & IZIERIR Tdh D720, il © OmeHEILE.
fegiim, 7 v hARER ENFKE L TEZDLND,

2-3-4-2. SPES EAR DY BRIt

2-3-3 % R U ~—WtkOREVEMERE~ G 2 5 OG- tEEETH 2T, FR U~
— PP DR R EARAFNE D & R BEEEHMERE T I 24T o 7o G 5. PN E 2 2 b S 72355
TR DEMBBMN ST, B X DBERILOFENRE WA REFERMERE A
3% Z ERTFHETE(Fig. 2-18), EERFZ T 1 N AMREDORENRKE WA, HEEIME
425 Z LN TP TEZ(Fig. 2-21, 2-24), it~ T, Nafion & & SPES EM D, PREHE M
BE DRI EE R A7 & HeRd L 7= A5 3L & Fig. 2-26 & Fig. 2-27 I2Z N E T,

FEEHEE 2 i 72354, Nafion MR TlE Fig. 2-26 IR T X O ICEBRBE CIXIZE AL
EAbINIe o Tz, —J5, SPES D MEA PEREIZIM B L, 27K T 2EH S 58
T B DS BN SR B U 7= (IKFETRE E OMEREIR T AR fI S5 720, AR AL 56
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Figure 2-1. Steady-state cathode polarization curves in O, for SPAE-GDE (a) and Nafion—

GDE (b) at Tcell =80 °C. NRE212 was used as the electrolyte membrane in the fuel cell.

The flow rates of H, and O, were 200 mL/min under ambient pressure. The humidities of H,

and O, were 100 %RH (QO), 88 %RH (A), 78 %RH (V), and 60 %RH ().

This figure was sited from T. Yoda, et al., Electrochimica Acta, 54, 4328 (2009).

/ ionomer

Anode \embrane Cathode

(B)

—||—/\/\/\/—/\/\/\/—”VV\/—’VV\/—’\/\/\/—
@ () (c) (d) (e)

Figure 2-2. (A) An illustration of the MEA and resistance at the cathode: the inhibition of oxygen
diffusion through the secondary pore (a), the resistance to oxygen permeation through the ionomer
layer (b), the limitation of the proton conduction (c), the limitation of the rate of the oxygen
reduction reaction (d), and the limitation of the electron conduction (e). (B) An electric circuit of a
PEFC containing resistances relevant to the processes illustrated in (A).
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Figure 2-3. Reaction scheme for synthesis of
3,3’-sulfonated-4,4’-dichlorodiphenylsulfone (DSDCDPS).

SO;Na
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-H,0, -Toluene at 140 °C
Polymerization at 180 °C
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Protonation by H,SO,
Dialysis (14,000 MW)

Reprecipitation by IPA
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SOH
i i
VAW s s Was Oa W
g X g 100-X
Figure 2-4. Reaction scheme for synthesis of Sulfonated poly(arylene ether sulfone) (SPES).

54



&
¢

Toluene
& H,0
collection

Figure 2-5. Apparatus for synthesis of Sulfonated poly(arylene ether sulfone) (SPES).
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Figure 2-6. Schematic drawing of the oxygen permeation apparatus with a GC and a gas bubbler.
The humidity of the cell was controlled by changing the temperature of the cell and gas bubbler.
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Figure 2-7. H1-NMR spectra of 3,3’-sulfonated-4,4’-dichlorodiphenylsulfone (DSDCDPS)
and 4,4’-dichlorodiphenylsulfone (DCDPS).
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Figure 2-8. HI-NMR spectrum of Sulfonated poly(arylene ether sulfone) (SPES).
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Figure 2-9. GPC traces of SPES before dialysis and after dialysis.

Table 2-1. Molecule weight of SPES before dialysis and after dialysis.

Mn Mw Mw/Mn
Before Dialysis 33,000 155,000 47
After Dialysis 35,000 139,000 3.9

* Molecule weight (MW) was estimated from the MW of Polystyrene standard.
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Figure 2-10. Humidity dependence of the swelling ratio for Nafion NR-212
membrane (@) and SPES cast membrane () at 60 °C.
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Figure 2-11. Humidity dependence of the Water uptake for Nafion membrane
(@) and SPES cast membrane (H) at 60 °C.
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Figure 2-12. Humidity dependence of the oxygen permeability coefficient for Nafion
membrane (@) and SPES cast membrane () at 60 °C.
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Figure 2-13. Humidity dependence of the proton conductivity for Nafion membrane
(@) and SPES cast membrane (H) at 60 °C.
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Figure 2-14. SEM cross-sectional view of SPES electrode: (a) BSE image and (b) SE image.

(@) 0O, (b) 0,

ionomer

Cathode
Catalyst

Figure 2-15. lllustration of oxygen diffusion in the secondary pore of catalyst layer
with (a) high swelling ratio ionomer (b) low swelling ratio ionomer.
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Figure 2-16. lllustration of inside the catalyst layer without ionomer, with ionomer at

0 %RH or x %RH conditions.

Table 2-2. Summary of value of polyelectrolyte properties about the swelling ratio (5'g),
the relative porosity (¢), and 100-¢ for SPES or Nafion.

RH SPES Nafion
(%) | 6s(%) ¢(%) 100-¢(%) | os(%) ¢(%) 100-¢ (%)
0 100 49 51 100 70 30
50 118 40 60
60 119 40 60
70 120 39 61
80 123 38 62
90 129 35 65 108 67 33
98 168 15 85 113 66 34
90 FrrrrrryTrrTTrTr T T T T T T T T T T T T
85 —
80 [
= -
375 E <
1 r %
Sk =
: =
65 F
60 |
55 :u P [T T U [ T T N T T N N O T I O O
50 60 70 8 90 100 Current / A
_ Rela}tive hurpifjity /9% Figure 2-18. Performance prediction at high or
Figure 2-17. Relative humidity dependence low humidity condisions; In case that swelling
of 100-¢. ratio was dominant.
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Figure 2-19. lllustration of oxygen permeation through the ionomer layer with (a) high or
(b) low oxygen permeation resistance.

Table 2-3. Summary of value of polyelectrolyte properties about the oxygen permeability
coefficient (Po,) and the oxygen permeation resistance (Ro,) for SPES electrode.

RH | Po,x10° Ro,
50 0.25 40.4
60 0.35 29.1
70 0.70 14.7
80 0.91 115
90 1.3 8.6
98 2.0 7.2
1 —

40
35
30
25

Ro, /-

20
15

10

v Lo by by by g 1y
Voltage / V

SOl by v b by by
50 60 70 80 90 100 Current / A

. Relative humidity / % Figure 2-21. Performance prediction at high or
Flgure 2-20. Relative humldlty dependence of low hum|d|ty Condisions; In case that oxygen

the oxygen permeation resistance. permeation through ionomer layer was dominant.
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Figure 2-22. Illustration of proton conduction in the catalyst layer.
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Relative humidity / % Figure 2-24. Performance prediction at high or
Figure 2-23. Relative humidity dependence of  low humidity condisions; In case that proton
the proton conduction resistance. conduction in catalyst layer was dominant.
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Figure 2-25. I-V curves of MEAs containing Nafion electrode (@) and SPES
electrode (H) at 60 °C and 90 %RH.
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Figure 2-26. The humidity dependence of the MEA performance for SPES
electrode at 60 °C.
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Figure 2-27. The humidity dependence of the MEA performance for SPES
electrode at 60 °C. The relative humidity was 90 % (), 80 % (@), 70 %
(A), 60 % (@), and 50 % (O).

Table 2-4. Summary of value about the amount of water from bubbler (W), current
density which is the point observed the IV performance decrease at SPES-MEA, the
water generated in cell (W), and the Total RH at cell.

Inlet RH Wy,  Current density  Wgen  Total RH
(%) (g/h) (mA/cm?) (g/h) (%)

50 2.03 870 1.46 >90
60 241 650 1.09 >90
70 2.78 430 0.71 >90
80 3.14 400 0.67 >98
90 3.56 200 0.34 >98
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Table 2-5. Summary of value of polyelectrolyte properties
about the swelling ratio of SPES (5'g), the relative porosity (¢),
and 100-¢ for SPES-5 electrode.

RH SPES-5 electrode

(%) | 65(%) ¢ (%) 100-4 (%)
0 100 93 7

50 118 91 9

60 119 91 9

70 120 91 9

80 123 91 9

90 129 91 9

98 168 88 12

Voltage / V

02 I ]

O [ L L L | L L L | L L ! | L L ! | 1 1 1
0 200 400 600 800 1000

Current density / mA cm
Figure 2-28. The humidity dependence of the MEA performance for SPES-5

electrode at 60 °C. The relative humidity was 90 % (H), 80 % (@), 70 %
(A), 60 % (@), and 50 % (O).
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SiO,, ZrP 72 & O MRS B CHERR ST A 7w RIERHFZES TV D, Zhubid, FEfif
s LTEWERBREZHE LN TEY | A% ERLIEEN/FF SN THD, LL
1-2-4-5 ETE Lo L olc, Mg 54 7V v RMELOWFIEE i&hk&woK
W52 T Nafion-Capping AOftifE ~DwEHix, [ERE DOV A X2 Lo RE&, [
A7V RMELORERME] L0 o SCHERRMEIEEZ 2. ATV v FHMEFCO =M AR HE
DI L5 BB HEON EE2RA T,
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F 7=, Nafion LIS COEME & L. SPES-Capping /& TORia %17 - 72k % Appendix
\ZHE T,

3-2. EB

3-2-1. Capping BEHR D RHL

3-2-1-1. Zr F 7 B FDARR

AWFETIIREAEOS®RE @Y | Zr butoxide(IV) A HFEWEIZH W, F L— Rl & LT Acetyl
acetone (AcAc) % f&fifi X . sol-gel % FV T ZrO, % 1E% L 7= (Fig. 3-4), AcAc % ZrO, B #%
(R S5 2 & T sol-gel S DANZK I3 fE « fg &z diliE) L CTF /b b &2 X 5 721 T <
T BOKIER RS §5 2 & T BUKEE AT D EIA )~ — OREREZBIT D Z L5
ARETH B 1,

EIRE AR U ~ = TR LM . AR VR EE(-SOsH) 27 L T %, ALk Rtk & o
HEMAERZIEL T, 72 ROBMibITo 72 PP (Fig. 3-3), v Ty TV v IHE
W IBBERI -~ DIEIL, R b O£ E 2 A E R CEMT HBRICA<IThh T
B 25 KHFSETIE 3-Aminopropyldimethylethoxysilane (APS) % FIV 7=,

Iua—7Ry 7 ANDOME % 40 %LL N2 L, 85 % Zr-butoxide ¥k 5.65 g % i /K 1PA 200
mL HIZHh B S, AcAc & 25 g N Tia#k L7, 2 FEfEl#4. APS1.51g Nz kL. 30 4
#%IZ 1 mol/lL DfiflE% 5 mL Nz, —BefEEE L7z, D%, 80°C TIHEIEAREL, b=y
N2 TR APS 07 /L 2 — L & Pl L, 50 °C TOEZEHRIC L KRB S iz o
a =7 F )R 1(2rOy) & 15 7= (Zr:AcAc:APS = 1:2:0.75), 7 — U = & HaiR4\ 55 66 FE G
(FT/IR-6200; JASCO Co.) % FHVNT ZrO ki DEM M 217 - 7=,

3-2-1-2. Nafion ¥ DR

Nafion 7313, IR TR LR aw o MRIZEE Y | B+ & BE5ES O Bimodal (—
W) 2 RRE TIFAE L TN D 0%, ARBFZETld, FFBL < Capping BN 2 % Gefk & R 5%
T 5720, WIRH TH 7O THEET S KL 912 Nafion iR A2 FH% L, ZrO, & ¢ Capping
N

il o> Nafion #5277 7 AT D L T2 7FE S8, DMF (T 1.5 wi% T LI
EHLAAT o 72, IR THY 24 RefEl18HE L RIS LTtk 7 7 1 U INFR T PR 2R (TAF-SR;
Taiatsu Techno. Co.)IZ A4v, 180 °C T 24 IffflA4— k7 L — 7AW % 1T - 7= (Fig. 3-5),
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3-2-1-3. Nafion-Capping %K D 5L
APS TIERfi L7- ZrO, &, 4 — K7 L—7 LB L 7= Nafion & @ Capping #1772, 1.5 wWt%
@ DMPF-Nafion ¥i#%12 . B L7235 5 wt% D DMF-ZrO, %iti 2 W - < Vi T L7,

3-2-1-4. MPBIEHAH

ARk Li=F 7 2r0,, A— b7 L—7 WL L7z Nafion 4y¥-. Capping KOIEEH THO K E
X (Stokes diameter) & B #ELEE(DLS, Zetasizer Nano S90; Malvern Instruments Ltd.) % >
THI L7z, DLS TiX, WK OR+237 7 0 @8I K0 JE80T D sEE (PR E) 2 5 H
THIET, TAvvabA Ay « Ab—27 ZAXB-1)EHANTRIT-OR 7 d Z7Hl5 53
EETH D,

d =kT/3nnD
. .3_1
K 1Ry < U EHOIK), TIEHHEE(K), 7 (ZEKE (Pa s). & LT D I34EERE
(M¥s) % Z L EAURT, WICREE 1L, A A b UL RRREERFZ2 AV CHIE L 7=,

3-2-2. MEA DfE&L

3-2-2-1. ERBIER

Z— k7 L—7HLE L /- Nafion, Nafion-Capping @ 2 fi¥H D EME % AV, Ema /ER L
7=, Nafion-Capping &% & A 72 #EMR(LL T, Nafion-Capping #EAR) TiX, Capping 48 D i 72 8
AENRDN> T W, BEAELE S & CTEMEER L7z, PYC:Nafion-Capping =
60:10, 60:15, 60:20, 60:25 DR T~—Z F i L 7= (Capping I& Nafion & ZrO, # & e
73, Nafion DA EKFLT ), Nafion HEMEIL, PUC:Nafion = 2:1 TEVWMERERSHOLND Z &
NN S TV 5728 . PYC:Nafion = 60:30 T Nafion EHBO (L 21T - 72,

b~ — 2 TR - EE I A 30 ATV B S, RO T ALEUE O I Al S A
fith, FERICIHIEEBRET 57201290 °C T 12 R EZEm L=, PtOBEARET, &£To
FEMT 0.3 mglem’® & [HE L, BMHEMEILScm® & Lz,

3-2-2-2. MEA DfEHL

MEA @ Anode & Cathode D FRIZ I, [A] UALAK L& FEOEMA E - ELH Wz, B
il & RO K CEVLEL L 7= Nafion NR-212 flE% vy, 130 °C Tl Ay R 7 LA %ﬁu\
2 kN TEUEE X MEA Z{ERL L 7=,
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3-2-3. fihfbtRE AEAT
BRENDEOEEICBWNTS, D’K%EHE‘L&: Capping A2VE A SN TWDENE 9 &It
THD, KEEAE, Ny HAWFEEC LY —KALAEZAE L, &bl fL¥—74

HOE X $OPrEERE AT = o A% Ea%iﬁﬁ%ﬁﬁ(STEM EDX) il g D7 8L 21T -
7=,

3-2-3-1. KEEAIE. Ny HAREIZ K5 —HMILFHDORE

Capping &% f\ 7= FE > Pt/C:Nafion-Capping = 60:12.5 & | BFE R U ~—Hh % Hu 7z
R PYC:Nafion = 60:12.5 Tl — 2 FAFHRL, BEW - SHEEA#E Y IR L7tk fildl
NR—=A % 045 ym AT LT 4 F—2 HWTCER Lc, IEYEEI L, B E
PY/C & L T/KERIEA (AutoPore IV 9500; Micromeritics Inst. Co.). N, AW (ASAP2400;
Micromeritics Instrument Co.) D#MERIE %217 - 7=,

REENIEDFEMIL 2-2-4 B T/RLIZD, MALEDRZWVIE O MORET D720, MO
AV HOE ﬁ BCEPNTWDEE, NEOMLE EMICHE TERWR—hrb D, 1o
T, I8 KLY KLY 0 ISR D EMRE A B BR< L RIRFIS . — ML &2 IEfE L R am
5z &ﬁi‘ﬁf”ﬁf“é@é 5T, —WHALICEA SN TV DAL, BRI ERE S KT

BHDH I TR, AR TIEZOFEEZ AW,

3-2-3-2. STEM-EDX Z & A it fg#3& DR

fil 45 g N o0 #EL T B 72 BLI A . 7B MR A HE R EE - BE 8% JEM2100F; JEOL Ltd.) &
EDX(JED-2300T' JEOL Ltd.) & W TiT o7, LR Ofififi)— 2 |k Z FH Tt s 2 fERL L |
7 v b= X0 ERAE Y LN E S 200 KV CTHRIE 21T 5 72, EDX TOILHE ST
FEIZ Pt, Zr, F(Naflon HRD 7 v F) 2T T,

3-2-4. BRULZFHIE(CV HIE)

—WAMIL~DOEMRE DAL, BERACFHNRE LTe, ARIFRIZEWTIE, MEARRET

D ESRAFRICIEM: 72 A 4 F¢ mfE (Electrochemically active surface area; ECSA)* E &1 5 7=
»IZ, Cyclic Voltammetry I (CV, Potentiostat/Galvanostat HZ-5000; Hokuto Denko Co., Ltd.)
ZAToTo, CVIX, EMENMARIIT D & TNET2EMANE L, B P EMmE
HOYMEE ZDEMNMEZRHET L2 FETH D, 2F 0, ERICEMRE L ASNEL TR

AUFBEMBUE R Z R0, =M EEZERT 2 DIE L T\ D,

MEAIZB T DY A 27 U v 7 AV EES T L THE, ASKE LICWAE LI KBRTOWMB
&, oS ZnEh e —2 & LT, KFEOWE L — 7 25T 5 Z & T,
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ECSA (cm¥g) 27 3-2 # W CEH L7,

Qg x W,
.32
Z 2T, Qu (uClem?)iE CV JITE & 0 SR 72 K EW AR GIC & 5 EEE. Qp (uClem?)ixZ

FEER D F A O BN Y 72 0 OKFEWEIZLE D BLKE10 uC/cm) We; (g/cm?)i% Cathode
HEEAETH D, 0.07VLELTFOGA, KBRAEBRBIEELTLE I 72D, KEREEX
#1%0.07~04V £ TOBEFAEI DR LTz,

Flo. BEOHRFIHE Up 2 3-3 Z AN TR L7,

U, (%) = E°22 1100

. .3_3

As (cm?/g) X A4 LR FRE(CO WA L W IE, H &1 V1l 1822 mig) Th b, OFV ., A
FIARII D TR E DICHENEBEREMCHIRL TR 0 F2MER L7 MEADH D
”é'-éz%ﬂ:%’ﬂ A AEREHECSA) TH Y . B HW-ASBEROREETH 5,

TE T PRBLE M S L HEME ik 2 (FCCY) MR T B 5 T1T o 72 7 R/LIRIE A 40 °C,
100 %RH. Anode (Z7k3 100 mL/min, Cathode (Z%3% 100 mL/min TZ &L &, HIEHIZ
IKFESYEDEAIC X B B IRIREN D2 % 1 < 7= O B AT %236 A 067 L . 0.05 V~0.9
V & T% 50 mV/s OFF 5 E CRIE LT,

33 MERLEBLE

3-3-1. Capping & D24

3-3-1-1. Zr F / k¥ DOFAf

APS Z{&fifi L 7= ZrO,, Effi L TV 2 Zro, @ IR A3 V% Fig. 3-6 (2597, Zr-0 &
DOFEIRENC AR5 B — 27 23 640 cm * 12, F£7- AcAc DT/ —/LR(C=C=C)IZ#E KT % &
— 27 785 1524 cm MHEICBII S h e ¥, & Bic, APSHTE D Zr0y i H 5 &, 3300 cm
£ 1600 cm HiZ T R FOMHE & EMEEICERNT 5 v — 7 BT E B S 2 R,
2950 cm M ARTICIE, AFAEOE—7 BB STV S

Fio, B Y A XOfEE LT, DLSICE D A h—7 Xfx%%ﬂj L 7= i 58 % Fig. 3-7 1271
T, APS OFEEIZEDL LT, 1 nm iR ORFEE > TH Y. IR, DLS OFFRNE . AcAc
72T <, APS Z{Effi STz ZrO ki - D AT LTz,
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3-3-1-2. Nafion &R DL

F— h 7 =72 X0 R L 72 Nafion & ZLERRTO IR Nafion & Dkl & LT, DLS IZ
X BIEIE T TO Nafion 791 DA~ — 27 AR &R 1=, T OFER % Fig. 3-8 1273, il Nafion
TIE, 20 M EEFEEICKRER2E—27 AV, S 51250-100, 100 nm (2 H B —27 A3 54,
Nafion 2 DEENBI S -, — 7 4 — k7 L—712 X » TR L 7= Nafion TiZ. 20 nm
DE—7 PXEHNZ/2 D, 100 nm AL O E— 27 1 Zb T LR biie s>z, RERIEIC
BWTH, 1L.5wt%DTiilik Nafion T 4.98 cP, L% D Nafion T 1.66 cP &, 772 D KU ME &
Tpotz, A— 7 L—7WBIZ LY Nafion 372 BEIMCHEESES Z LiXInE Tl
EENTEY 2 F— 7 L—7HTo Nafion DAMRIZMEE N HIEE B3, FDIREL
250 °C UL EEnbhTna 7z ¥ AIFZRICE VTS Nafion 23 7 H KO/ & 5
25, LLEND, KRBT HA— F 7 L—7HPRIC L VW Nafion 4> 1 & 1% 1 CINAT
ST E LTFESED Z BITkTh Lz,

3-3-1-3. Nafion-Capping /& o F{fi

F— h 7 L—7 WL L 7= Nafion & APS % {Efifi S 72 ZrO, % HV T Capping (KD &k & 1T
VY, DLS THIE L7z A b —27 AR5 A OGS % Fig. 3-9 127597, Nafion BT 20 nm F2 5 D
A b= AP H IR LT, Zr0, I Capping S 85 Z 22X ZDA h—27 A£1E 3 nm
FRPEIZ £ TR L7, Nafion:ZrO,=10:9 LV ZWHRTZro, #EALTZHE, A h—7 A
BMKE 720 (Fig. 3-10), Tha ICEEEIER LT ote, LLEDORERND . A0
T Nafion & ZrO, ® % 109 & [EHE L7,

Nafion & ZrO, ?® Capping KD EKIZ- 2T, DMF FEEEH T Nafion OIERED 5B LT
%, Ma 512k % & ¥ Nafion DIEET TOFAEEIL, AL L Nafion DR/ ST A — & (SP i)
RTHERICENT S & L ke IR TOERELT - 12, B CFEH& O SP fi(calicm’)
12 9.7, IO B =L —TF )L ALK R 17.3 TH Y . DMF 13 12.2, N-methylformamide
(NMFR)IZ 16.1 TH D, ZOfEICK Y, EHEABHOBREN R E D L L, DMF &R+ T,
FHHD SPE L DMF @ SP T80, EEHAIMUNTELE L7z = A MR OTZREL L T D
25, NMF T3 o720 AMANTAIEE 2 [ Ty D (Fig. 3-11), 8 AMANTAEH 23 [ 72k
RECIAET 3G, Nafion [Al LR EZICEHE L TLE DA, NMF CIEFFEERE V2D
(NMF; ¢ =182.4), ALK UBREOFHEFRIINMLS 720 . BEIIHITE 5, Tba—bK
R CiE, EEN VY X —ROBEEREZIED . TORE Y ZMEHNK « Tra— b8
filrd 2 X OB T2, BERDPIERIND,

PLED X 912, DMF T o Nafion 1, N8 CTEEIIFE Lo < L S HICANS
ZIVIR VRN TND T2 7 X A BRI LTz ZrO, ;82 DNER~A D 03 <722 0 |
Capping Rz B L G < Ip o T EHEHI S %,
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3-3-2. —RMFLDIENT

IKERTEANIE & Ny U AWGEIEIZ X D —IRHIFLERE OfEAT Tl it _—2 hZ2JE®H L., —
WHBFLLAIMZ 4245 752 Capping (RN EVVIRRE COMIEE T - 7-, F7=. filfitfg > STEM-EDX
M7 T, Pt/C:Nafion-Capping = 60:12.5 D/ B CTOfENT 21T > 72,

3-3-2-1. AKEBEANEE « N2 HARE I K 2 —RMILER DY

%9, Nafion & Nafion-Capping (&2 CT/KERE AL THIE L7 —RAFLATE ORGSR % |
Fig. 3-12 (ZR"9, A — b7 L— 7ML L 7= Nafion ZEMFE & L THWZEA L L <.
Capping &% FlW 235818 — WIALAFE D A LTV D Z &R &g,

Np W AR K DR % Fig. 3-13 I3 2, ZHHDREDLATH. [AERIC Capping
Ka W & AR LTl Y, MEDZSE LR TE 7, 7=, Fig.
3-13b TR LI ML AAIC K D &0 I — AU AREREIAFIET 5K 4 nm OREMALIZ D
AL HHL, 5 nm LU RO Capping K% FW=356C, ZoREMIL LB LT\WDH Z &
MWbholz, ZORBMMILICTFET 2 A4 L. REFEMMEGEIC BT 2 M AT 728 E S
AWTWRNWD T A DN WEMREEZ WD Z & T, MIALNICEAIAR TV &R
Y AW

3-3-2-2. —RMIFLZHE® B Nafion-Capping 8 A & DR

fldJg O — Y FLORFE & . Nafion > ZrO, DE LN D . —IRMIFLZ EAFE 132 THD 5
EAE LT A OB AL SR (PUCEME = 60:X) DHEE % | B CHIE L 72 KERT A DR R
BIT- 7,

TR L A — 7R o —/X—(CP) & 4 AJLEHLE (DL) & i@ (CL) > H ARk &b, CP IZid—
UHIFLEREE DO K & X(40 nm LU RWETFAE L7225, DL 2 — WML sFET 5, 6o T
CL O—WHIALARE D HE T 5 72D AT & EAE S A - T 72V CL+DL+CP O — %Al
LAEFEN D, DL+CP OMFALEFE A BRO - AFEA, MikL7s PYC BEEEIRDMED Al E CTo—
KAMILEECTCH D, ZOEEZKBIEAEORERNPOERE L, K% THWEZ PUC
(TEC10E50E) % 0.3 mg-Pt/cm? %4 L 7= (5 cm?) Tix 2.7 X 10% em® & 72 5 7=,

Z OEFEATIZ Nafion 23F1E L7234 . Pt/C:Nafion = 60:135 L 72~ 7=, F£7=. ZrO, D%
BE% 6 glem® & L CEME L 72834 . PY/C:Capping(Nafion+ZrO,) = 60:9.8+8.8 & 72 » 7=, FEEIT
1% 40 nm UL FOfMILZ & TEMENHD S Z LTV DT, ZORRPRERELEEZ 5N
el

3-3-2-3. STEM-EDX IZ & % filifi g 1 1E D fEAT
Z— b7 L— 7ML L 7= Nafion > STEM-EDX 14 % Fig. 3-14 (2, Capping &M% Fig.
3-15, 16 IZFNFRT, PUC D —7R K L Nafion DIREZ EFZ LI W=, PLIZh
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— AR R EIZE B THEELTND Z &M, 20 STEM-EDX 128\ CT—RAHFLIZ [Pt
R DAFE L2V 40 nm LU FOHMIFL) & Lz,

% 7" Nafion BEHRIZ DV Tigimd %, Nafion B2 35T, Fig. 3-14a O BB (Bright-field :
BR)& 5. BAIZHRT BN VR0, I —RUACHKT 57 L— ORI E 2 # T
HEF SN TW5, Lo L, Nafion DFEEIL Z D BF 42, Fig. 3-14b ™ & 4 FE HtEL 1R B (High
-angle annular dark-field : HAADF){&IZ B\ C b s lIm#ECcdh - 7=, % Z T, Fig. 3-14d IZ
HHEHR CHl > 7255y D EDX ~ v B> 7 fER 2777, Fig. 3-14(d-1)I1X F © Ki&kIZHK T 5 &
— 7 % Fig. 3-14(d-2)IX Pt ® L #%IZH KT 5 ¥ —27 T, Fig. 3-14(d)I% Pt-L & F-K ZEHLH
DY TH D, PtAFEL TORW—RAMFLIZIEL, FIRiZE A ER 517, Nafion 23—
FHFLA N RANCHID TR WD & AR S T,

I, Capping BB Z >V Cisgimd 5, Fig. 3-15(a)IZ BF 4% . (b)IZ HAADF 4% /< L 7=,
Nafion MDA & F72 v | Capping BMIZIX ZrO, DF / Ki 7238 5, BF 4 TOMeRRILHE
LW, JRFESZRa BT A MIKRE KFT 5 HAADF 4 TiX, Pt & Zr OEV 7S B
2725, HAADF B CTHWF R+ A4 %, EWT L—nF K5 ZrO, Z7x L, Pt/IC
& ZrO, D % Fig. 3-15(b-1)12 FIAHR T/ L7z, PUC MW —WRHIFLIZ, < D Zr0, & 7
—IR D XD IRFEEANE DS > TNz, Fig. 3-15 (C)Z A LT - 721545 O EDX JS43HF Ot B
ZRTA, PL RIS K5 9.44, 11.1, 12.9 keV DL EIZ B — 7 (3B ST, 157 & 17.7
keV OAZEIZ Zr-K g ICHRT 58— 7 BNid-o & 0 LR s T,

STEM T L7 (ARRN) D tE 2 sl 572, Pt-L, F-K, Zr-K 213Kk % EDX
~ v B 7% Fig. 3-16 IC TN IR Lz, 77U — 2 TR L7z PEUAMELE L TR W EEFTIZ,
2L DZIRFPMFHELTND Z LD EDXFERNOH LN TH Y | Capping A E W 256
(2l —AFLICZE < @ Nafion ZEASHE L Z ENFARETH D Z ENbhrotz, £, Zr0,
Kif-OAHTEASNTE LY, Nafion 73 ZrO,1Z Capping SNz F FEAINTNE I LD
IRENT, DI, BT TNV ORER SRR —HIFLIZ Zr 0 F BFE LT Z E DR ER
776

VUL DAL TEMRNT . AL PSR IS AR OGRS . YA XD/ S v Capping 13—k
MIFLICHA SR T W LaVRES T,

3-3-3. HE&FIHFBDOHIE

Capping R DA &4 2 b S §7-FMD CV JPIEDFEF % Fig. 3-17 12, CV bR L
H&FHE Up OFER % Fig. 3-18 IZF &7z, CV HIEDRERN B, Capping A& AFEDD
72N PYC:Caping = 60:10 @ MEA [Z W\ TESRALFAINC @V EMER EFE(ECSA) 3 F H i d =
EAURENTZ, AEFHRORER(Fig. 3-18)2°5 bIRIERIZ, EAEN D2 WEM EV F 4
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FIRAZREZES>Z LN RENT-, £7-. Nafion EHRTIZ Pt/C:Nafion = 60:12.5 O FEHR T Up I
37 %. 60:30 DFEMT 44% & 720 . Capping KD 60:10 FEhi L W HAKVVE & 72572,

—HIC PEFC TIE, g o ionomer 2372V E4E . “AHRE OB T 1 b AiEE
I L 2 EHMEREIS TS AL S 4L, ionomer 23 2 W GA I IXEE BYEBRE I L 2 MEREIK T 23 L
B ¥¥, Capping BBROBA, BARNLNIEE ECSA MK T LTEBY, AhHM7e =H
REBTEE I TR, BAENLW 2D, — UG AL A FL A it Fell 5 5 0D T iz i)
FC Capping 23 EESE L. A APEBONVESHIZ X A EDRFIC L 0 5RO Al §EMER B
%, LL, CVHIETORSIHEZ 50 mV/s L ViV 20 mVis TIT-> 72546, CVIREIC
BT RS NT, Jim%T BGALHIZC L 2 BWII Z oA TITE Z 62 h»o 72, 2l kD
BEIITOR o720, HHeAEOEELDRPOTHFEL TND EEX LD,

ik DFEX & LT, Capping K25 EHI 72555135, PURIENIMNL L OEEEL 5.2 TnhH 2
ENEF BN D, Fig. 3-17 OKFEWHE— 7 215 & BAENDIRNVERE ZWEMTE
— IR R D Z L RS NIz, CV D v — 7%, Ak O E (100 H7R &)
Ko TR | RIFSETHWD PUC IZZH5THY | 2 DY —2 %F>, MEA O
RTIEE—7 203/ E<, HERLIZ WA, 60:10 &M CV H#R N HHD L 91201 V)
T, 025V ffTicy a W& —E—27 RERIS 7z, 60:10 ML TR, 01V (o e —7
TFLALBHIESNT, ISR ECSA L7257, 0.1V AL, ZhEd A4 0o (110)H &
EbnTD 0,25 V {3 1%(100) i 7~ (111)H & B %), it~ T, Capping D A&
MM WGEIL, Pt O(L10) LM ZrO, NEIRJIZIEE LT LE VY, ECSA DW/hS < 2o Tt
ZENEREBORKRO—2LLTEZLND,

Tz, KEBEANL EOMEEMHT STEM I L5880 6, BAEDDRWIGEIZBWT
H—PAFLICEMRENEAINTND Z L3RSz, BT, 3-3-2-2 D [l %1
¥ % Nafion-Capping 35 A B OMER | TR L7ZE Y, — AL 23D 2 72 D12 B 7 Capping
R A £13 Pt/C:Capping = 60:9.8 F2£ Th 5, 1> T—fH72 Nafion FEH(PY/C:Nafion =
60:30) & H A BV 720 60:10 FBHRIC BV TS, EUVECSABNELN-EEZ b,

UL EDOFERN G | BARE - Al - BER OGRS MR E 2 S RAICER LS < 75729
([Z1E, Capping {RENDZR2VNE D BIFE LWZ ENRIB S, BFEY A X2/hSL<T5HZ
& TCEARBE AT D Z E VR ST, Appendix (2R L72iE Y . Nafion 52 & 138728 5 R
{LKFREME AR Y ~—0D SPES & SPES-Capping K& W= RICBW T, A XD/hE
v Capping & CEME O —WHFL~DE NI X 2 ZAHREOBEMMA R S, EfFE OV A X

DEBIEETHDH Z LIRS NT,
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ARETIL, flEOEME & LT Nafion ZHWZEIC o2 IKASFAROUES H
e L, A RO/ WEHE - BT ) ~aA 7 ) » RPN Capping 1) 2 ARk L. AR5
MO 72912, YA ZADOENT X5 — ML~ D BT ENDBENOBE LR, LLFD
T R

® 710, 27 X/ AAEEfMIE, Nafion 24— h/ L—7 TS L2 & T, BELE
Nafion-Capping R DA RRIZARZH L7,

® fEIEMENT & U CHEME ZEA LI fiBLOKERE A, Ny B AWAEIZ X 5 LA %
ITo oM, L EOEMEZHWIZ5A T, Capping (KO EMR C—KHIALATEN K
WA LTz,

® Nafion-Capping D STEM-EDX 23471 L ¥ . Nafion &k & Hfe L C—WHIFLIZZ <
@ Nafion 2MFEL TWDH Z & DR S 4L. S B2 Nafion & ZrO, 1357 BEE9°, Zro, @
JAY ZFBN2 DAMERE O—WRHILISEA SN TWD Z E RS,

® Nafion-Capping A% fill i g FEAFE & L CHW =354, & Nafion-Capping A% & A4
HZ L TEWVWECSA #1525 Z LA T& 7, Nafion &L ki L THE< o7,

o EMEADKEDOHD T A X ITEFERL, A XD/PhSWEREZHNDSZ LT, 2

AUE T Nafion B TIIRMMT 5 Z L3 TERd o7 — ML O A& b3 5 2 &
MTE, MBI EMREIZE > T A APEETHL Z L2 R LT,
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. N Secondary particle
Primary pore (~ 40 nm) \ \ /

Pt nano particle

Primary particle
(Pt supported carbon; Pt/C)

6

() With large size electrolyte (b) With small size electrolyte

Cannot be contacted with electrolyte

Figure 3-1. Schematic illustration of the introduction of electrolytes with different sizes into the
primary pores (the diameter of the pores less than 40 nm) in the space inside the agglomerated
carbon black (secondary particle) supporting Pt in the catalyst layer.

Pt supported carbon

Nafion lonomer

agglomerate graft ATBS polymer

(a) Conventional method (b) This study

Figure 3-2. Schematic illustration of the internal structure of the catalyst layer. (a) Catalyst layer
made by Pt/Ketjenblack without graft polymerization. (b) Catalyst layer made by Pt/Ketjenbrack

with grafted polymerization.
This figure was cited from H. Mizuhata, et al., J. Power Sources, 138, 25 (2004).
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! \ f= Interaction
O + | \ } _’ :\‘ _./'\ NH2 NH2
\
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Inorganic particle Polymer Capping particle

Figure 3-3. Hlustration of Capping phenomenon and the electrostatic interaction between sulfonic
group from polyelectrolyte and amino group from APS .

C4Ho Cs4Hog
Dehydrated IPA ~0 /
o
—— Zr butoxide /O/ r
O—C4Hog
—— ACAC CaHo
Stirfor 3h Zirconium butoxide
— APS
H3C
—— HNOsaq (1 M) e
—— HcZ  MH
tir overnight Cc—=0
/
HaC
Drying in oven at 80 °C for 10 h AcAc; Acetyl acetone

Washing with Toluene

I (Hs
Drying in vacuum oven at 50 °C C2H50— Si—(CH,)s—NH,
‘l’ (|3H3
ZrQ, (with APS) APS; 3-AminoPropylDimethylEthoxySilane

Figure 3-4. Reaction scheme for synthesis of surface modified nano-ZrO,, and chemical structure of
Zirconium butoxide, acetyl acetone (AcAc), and 3-aminopropyldimethylethoxysilane (APS).
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Absorbance [-]

Commercial Nafion®
5 wt% (Solvent: Water, Alcohol)

Cast on glass plate

Drying at 80 °C for 12 h
Vacuum drying at 80 °C for 12 h

Dissolving in DMF by 1.5 wt%

I
Stir for 12 h at RT
l

Autoclave Treatment
180°C, 24 h

\ 4
Treated Nafion

Figure 3-5. Scheme for preparation of autoclave treated Nafion.

— With APS
L | === Without APS -

4000 3000 2000 1000
Wave number / cm™

Figure 3-6. FT-IR spectra of the surface-modified ZrO, with acetyl
acetone with (solid line) and without (dash line) APS.
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Figure 3-7. DLS measurements indicating the Stokes diameter distribution of the surface-
modified ZrO, with acetyl acetone with (solid line) and without (dash line) APS.

----- Commercial Nafion
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(3]
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Size / nm
Figure 3-8. DLS measurements of the commercially available Nafion (dash line) and
the autoclave-treated Nafion (solid line).
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Figure 3-9. DLS measurements of ZrO, with APS, autoclave-treated Nafion, and the
capping electrolyte composed of the ZrO, and the treated Nafion in DMF.
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Figure 3-10. DLS measurements of capping electrolyte composed of the ZrO, and the
treated Nafion with optimum amount ratio (Nafion:ZrO, = 10:9, solid line), and the
excess amount ratio (Nafion:ZrO, = 10:13, dash line).
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A

— %/[ \:{

Figure 3-11. Conformations of Nafion molecules in dilute solutions such as DMF, NMF,
IPA/Water. The long lines indicate Nafion backbones and short branches attached on long

lines indicate the ionic side chains.
This figure was cited from C. H. Ma, et al., Polymer, 50, 1764 (2009).
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Figure 3-12. Cumulative primary pore volumes of the Pt-supported carbon with the
Nafion-capping electrolyte (solid line) or the treated Nafion (dash line) obtained from
measurements using mercury porosimetry.
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Figure 3-13. Primary pore volumes of the Pt-supported carbon with the Nafion-capping
electrolyte (solid line) or the treated Nafion (dash line) obtained from measurements
using N, adsorption (a) cumulative pore volumes and (b) pore volume distributions.
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W ."?:4-

20 nm

50 nm FK 50 nm
Figure 3-14. STEM-EDX micrographs of the catalyst layer with Nafion: (a) BF—-STEM
image, (b) HAADF-STEM, (c) HAADF-STEM with large magnification (d) EDX

mapping of F and Pt elements, (d-1) Pt element and (d-2) F element.
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Figure 3-15. STEM-EDX micrographs of the catalyst layer with Nafion-capping: (a)
BF-STEM image, (b) HAADF-STEM, (c) EDX point analysis at the point circled by
solid line in (b-1).
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Figure 3-16. STEM-EDX micrographs of the catalyst layer with Nafion-capping: (a)

HAADF-STEM, (b) EDX mapping of F, Zr and Pt elements, (b-1) Pt element and (b-2)
Zr element and (b-3) F element in the area within the dashed line in (a).
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Figure 3-17. CV curves of the MEA with introduction of different amounts of the
capping electrolyte.

60 [ 7
¢
X
E 50 y
5 ®
C
2
s
= 40f .
>
&
¢
¢
30 7
5 10 15 20 25 30

Nafion weight ratio / %
(Pt/C:Capping = 60:X)

Figure 3-18. Pt utilization ratio of the MEA with introduction of different amounts of the
capping electrolyte with error bars, which are the difference between two measurements
and almost fitted inside the plot area.
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4-1. WS

4-1-1. FEOERE BH

B 3ETHA AD/NE W Capping A% VW5 Z & T, MR mEmOHEIMNIC L 5 A4H%0FH
A FICRFh L, Capping BABD AlfEMEAVR Sz, Loy LBEREOWE CIiE, A - M
A7y R ZROEZEBT, mOWEREZESRL TV RN P, 7% 3 BT,
Pt/C:Capping = 60:10 7¢ &', Capping @& A &) 725512 MR IS A Rl CTh
L EDIRENTEA, —RAE AR TH D PUC:Nafion = 60:30 &0 L ETHD,
PLENS | gD 7 a N AZENHEE L < 720 | BRBFERMERE(V HERE) 23 A B L7svn 2 & an
FRENDTD, A XDO/INEW Capping K& AW 7= fiEE OMET 217 5 BENH 5,

B3 EOL I RHIFLICEME 2 EATHZ L ORICER LIZHAIT, g o —
WRIFFA D TOF 1 b ARE R (Fig. 4-D)BFESITTE S TORWATREENE 2 b b,
2T N ARG NAPERL SN R OGS BRI O LEISFET D A8
BRNCEZ T, MR TSR Z 522 LR H S LTRETS, AFFETHVD
Capping BEMRIZ I T &  EEAE A 4 nm AR & IEF I/ & BRI —UOIFLICE A S,
TR TOT R R AREARARFT IR I T, HREME T TS 2 ENTREEN
D

1-2-4-3 TR L7z & 91T, fblifg D %712 & - T Nafion EAEZZL ¥ 5 & 95 Zxfih
IEMEEZ AT 22T, RUMEBIEHWESGA TOMENPRESZ(LTHZ EDBHL
hTng *° KETIE, OSMHATEEDREICHET 5 &5 ICEBMEZEAT S, @K
MFLNOEME & AL FJE D OEMEZBE T 0 M ARENAZEET 5, &0 D il
JBHEE AR T A ARME TS, TRICEY, BmUOABERIHRLE . EERTHE VR
BrERMEREO WL 2 B 59,

ARETHRET 2 Al (EREIL, T ZEREE) Cb D (Fig. 4-2), @ OBMERTIE, 1
FRE O TR E VAR & El/\?ﬂ%‘cﬁ T/(PUC)%QE—*@ TR, N — 2 N AERT S, B
PEEIL, —BREH & BB HICHW O EMEOFHAZEX 5 HETHLH, AFETIE, —
BePE H T — WAL ﬁﬁ@’%ﬁ%%]\ﬁ‘ét WZH A XD/ WEMEE AV, ZEREEIT

&ﬁ%@ﬂ@;‘%Eﬂm%énéioL%4x@k%mﬁﬁg%%w o_@gﬁ%

HOBME CIE, ALY TREASZEEK L, g 0B E T X = kT
THZENAMRRIZRD EEZDILD, I BT, ZIRKLFJE O OEME D —IRKMFLOERE
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EHET B (Fig. 4-3b), —BEREED A Y v R E L TERUSMID, FEI3IEO—KMILEZHD 5
MR TH 5 PH/C:Capping = 60:9.8 L F DA EILIZB W TS B— 72 filllifg 2T L <0
TVWRLERTOND,

ARETIE, —BMEHICT 2 Capping A%, —E:fEHIZ Nafion, & L <I3EEE L THA XN
K&\ Capping % HIv il 2 FR U 7o, 72 AR CIHEAREO KRR E13ATHo 7,
B MEAEREIC X DB EEAY REL MRS B A 5 X D0 E ) hE R LT, F
7= SPES MR T, PTFE Z IR A L 22 WA ICHEKIED K T I X v (KRB FEHI(200 mA/em® DL TF)
THRENME T LT LE 5729, AFTIX Nafion & Nafion-Capping KD 7~ TiT - 72,

4-2. B

4-2-1. ¥4 Capping EDOEHR

7~/ Capping 1%, Nafion #iKIZ ZrO gk W} > < V¥R LN B T35 2 & THAK
ARECTH D, —FH, BVERL AX—T—%BILARNG, ZI0EkEH#HF W FT5Z & T,
Capping N LZEARETICEEZR Z LG 720, A =27 ARO K ZVWEESE L7= Capping
KEAH LTz, DLSIZE VW A h—2 A0 H &2 JE Lz,

4-2-2. MEA DESRL

4-2-2-1. Standard ¥ EBMRD/ER

i O VERLE(Standard method) D35A, PUC /8w X' — & 1 FREEO B MAFE IR & e - B
W ZAT VA — 2 N 2155, PRBFERMEREZ IET 5729, Capping KDEANEN R D
2 AR M2 /ER L 72, IV PERE 2 i 5 456 @ Capping (RO i 70 B A BAMRET ST
W8 A b S CEM A ERL L 72, PYC:Capping = 60:12.5 (C-12.5 i), 60:25
(C-25 EMR) DL T—R N &%l L 7= (Capping I& Nafion & ZrO, Z & €e A3, Nafion 20D A
KiLT D),

F7o, O 7-DIZ ionomer & L TA— k2 L—7 L7 Nafion &K %8 A L7-EMHE
#4 1 7= (Pt/C:Nafion = 60:12.5; N-12.5 &z, 60:30; N-30 HEAiR),

fili e — 2 3R - B A 30 ATV B S L RO T AYLEUE O I E & G
fith, FERICIHIEEBRET H7-012, 90 °C T 12 RFEEZEHEE L2, Pt OEARIX, & T
OFEMET 0.3 mglem? & [EE L. BT 5 om’ & L7,

4-2-2-2. ZBPEIEBRRO/ER
AWFZETIT 9 B PE/ERLEE(Two-step method) i, PY/C /w7 % — L& 2 Fl¥E O B E TR % H
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W5, /J"(n"EH?L L7 A XD/ S WEME 2 AV TN — 2 N 2 FR%, ki1
JADIZHE LIz A XOKEWVEMRE 2 AV —2 N &2FRT 5 5k Th D, B
H (1%-step)ix, 7/ Capping (A% AWV C AR mZ K S 528, —Bpk H o B3 il 728
B —WHITLARIRIIC D S = L R PIS NS, B E @%step)lEH A XD K E
Nafion <°, ##4£ L 7= Capping /A% vy, ki A0 O @7 1 b AREC, T AJEHICH
FleEEZ R S5,

AWFFE IR, —BRMER & B H ORBYE L LT, (A) B — 2 MBERRICIAE &
PR SH T, MRS RIC EEEN—X MR- 5 51E, B)—BEBEEN—X O
PRI ST, 2O F F B H OBEME 2 AIS— A N AR 25 7 E(Fig. 4-4) D 2
WVITolz, 22T, EHLLOHENEL TW A EEmt T, (A)OEE HWT—E
PEH & TEBBEHOEBMNIEAMGR T A Z 2 HME L, (B)D k%A VT Capping (KD 4D
B CTOEZAT O,

(A) BBRIBR % &t —BRE

—EtMEEIZ, PY/C:Capping = 60:5 O3 T~ —2 N2 FHR L, #HP L BEIE A5 25
51T o7, 90°C DAy M L— b ETMBEEAS— 2 A S, EIN L TR EHHEATTY
S5 L7, 100°C T 20 BRI EZEHR LT, 150N EME NS O PUC 2L 8A TEES 70
2.5 L. 1 wt%lZFEd L 7= Nafion-IPA/Water ¥ 2 i A, 51 C Nafion &7 Pt/C:Nafion = 60:30
2725 K 91z —R k& 7S L 7= (Pt/C:Capping:Nafion = 60:5:25, LL T C-5+N-25 Eff),

g D=z, EEEETIX /e Standard #EfiE LT, A — k2 L—7 L7z Nafion %
ionomer & L THIV 7z PY/C:Nafion = 60:30 (UL N-30)&EM A {F L7z, & ToOEMIT, A7

—BAIT LY PUE AR 0.3 mglem? & 72 % X 9 \HEEUE o _LIC 4G L, M AL 5 cm?
L7,

(B) BIRBRREZEE RV _BRE

— B[ H (2, Pt/C:Capping = 60:10 D3 Tl — 2 h 2GR L, @B L B85 25 15
AT T, B - BEER Kb o7k, T I M H & L CHEEE L7z Capping (KA1 % 18
U SR - R A G 15 73017 o 72, Capping (A D & 1%, A 51 C Nafion %73 Pt/C:Nafion = 60:20
272 % X 910~ — 2 | & FR#L L 7= (PYC:1%-Capping:2™-Capping = 60:10:10, L. F C-10+C-10
HEAR), Fefgd LT, EERE T Wil OERYE T, PYC:Capping = 60:20 SR A {ERL L
7= (L F C-20 ).

Fo—BPEH L CEBEOEAREORETE LT, Nafion DR THWERENGLND
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4-2-2-3. MEA D{ER

MEA @ Anode & Cathode D ifIZ I, [F] UMAkH A FF oM A N EH W, BEIX
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MEA OMEREFENZ . EXALFRRIEIZ L W T>72, MEA % > 7 /L& L (ElectroChem,
Inc)izt > b U, HAMFGHE L, WEIEBOZEEZ D72 T 5ol % Hy / 0, = 100 /
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WCHIE LTz,

4-2-3-2. CV HIE
—WAMFL~DEMRE DEAN% . MEA @ CV HllE (Potentiostat/Galvanostat HZ-5000; Hokuto
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ZEREL. BEOHBFIAE Up i, ECSA W= BHE& RO LT EE THRT 52 L TH
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EHRAZMEHT L, 0.05V~0.9V F£T% 50 mV/s D5 CHIE L7,

4-2-3-3. RHBWRE DHEH
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LD, ZZTNIERIEOBBFBEK, FIZ7 7 77—, RIZEAEEHE, T 1Tk EE
EENENRLTND, FloaTEMBEIREE T, ERFRICOEEEZEZ D7D
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FF =L OEIE), AFFETIZa=05L L,

ARFFETIX, ZAREOIEIM L > T o WET 2008 9 it a1T o7, IRBIZL D
PEREIR T 0 & B\ 72 IR-free @ IV PEREZ JLIC L & BB E 2 7 1 > b L72#i#2 5 g
PEM L, £72, FUMEEZHNTCWAZD, B4 1 25720 OGSEFEL L2
EN TSI, CVIZ & o THH L2 ERALFEMIIENE 72 B4 72 V) O BT E (iop) &
LT,

io Pt — b
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Zat L. ECSA O Ko Tig WAL T 50 B 51T o7, 0 HRKDDH LT, IVIEEED
PRSI TH Y . WL T A D OREENE CEM T OMBENNETH D, o T, A
22 Cld N-30 Efi & C-5+N-25 M CO LD AT 7=,

4-3. FERLEEBLE

4-3-1. FEHE Capping DO FHH

B K R L CARK L2 EEE Capping (KOG H % Fig. 4-4 12, & 5 IZEEEE Capping (A0
DLS O#&H % Fig. 4-5 (2 NZ AT, Fig. 4-4 /25, F 7 Capping (R85 B 22 1Ak 72 DT
kL, EEEE Capping (K CTIZH— R MR RO TEY | FIENKE 2o TND Z L DR
ENiz, £7-DLS OFEENSEH. 5nm LA FodJ / Capping /& & Ebig L, %E4E Capping /AT
1L30 M LU EDOKE/2A F—7 ZARERLTNDZ ERbhoTz, 5612, Nafion [ZH
THA =7 ZARERLTELT, RF-7217 T/ < Nafion 2B IALLRRHEEL TN D
T ENMERRTE T,

4-3-2. Standard ¥&ERR O REREAR

4-3-2-1. L EBHFEIZ X DK
93 ET/R L2 L 91T, Capping RO A&V IR WIGAICE W EBR DRI HEN G L
72 MABEDD 72 VER & L C, Pt/C:Capping = 60:12.5 (C-12.5 &) & . Pt/C:Nafion = 60:12.5

96



H
o
gl

(N-12.5 i) TO MEA @ IV PERED i % Fig. 4-6 12733, &RRIIC C-12.5 B T L WEhE
AL TR, FFICRERBE CRERENA LNz, A@&AFAFREIX, C-125 BT
51%. N-125 8 T37T%E2>TkY, ZOEICLLMEOLILE Bbh b,

& 5|2, Nafion BEARIZ 35\ T & & S 415 PYC:Nafion = 60:30 (N-30 FEHR) & O LL# % Fig.
4-7 12T, C-12.5 BAIMEREAME < | FRIZ IV HIEROME & A3 C-12.5 BB TR E WV, LovL,
IRERMEIR COMREIL, (ZLALER RN MR SN, ZMHRAEORE TR,
—ﬁﬁ%m@@7mF/@%@@@“ﬁkT\T%#ﬁ?btk%z%héo

4-3-2-2. ZREMRBEICL DL

C-12.5 M CEME RV /2N T I X DMEREIK M S 7= 7=, Capping A& A
w7234\ Pt/C:Capping = 60:25 (C-25 &) & DLk 21T - 7=, N-30 &z & C-25 FRD IV P

BEDHE R % Fig. 4-8 |25, Fig. 4-7 T/x L7z C-125 M &L v ¢ N-30 MR OPEREIZ TS T
WA A, Capping (RO A EZ IO LI- L AICB W TEH, KERMEREO M LT Z e m
27,

N-30 Tl & b C-25 BT, IRBITIFE A LRI U TH DM, IV fROEE k&,
WoT, BN TOT r FARER ENEEL TNWDH EEZX B, Fig 41 TRLEEED
2. SRR D To T a R ARERARREEIT R > TO D ATREMERE 2 b LD,

4-3-3. — BrREIEEMR O MERE T

4-3-3-1. HRRR T BT ZBgtE

—BEiBE B 12/ Capping iK%, Bt H 2 Nafion %38 A U 7= — B¢ EEH8 (C-5+N-25 FE )
? MEA PERERE % Fig. 4-9 (2§, kh#g & LC. Standard 3 CYESL L 7= Nafion FE(N-30
) D MEA MERERE R b RIREIZ R, BB EMIZIBWV T, MEAMEREESM ELTWA Z &
DR ENT, KB OMREZ LR LIZKA 5. 10 mA/em® £ TOKER T 50 mV BED
PREZEN RO N T, IV BROMB XX 2 2O MEA TE D ST, [KER CTOMREEN & ER
1E'Jifﬁb\fb\é EDRES Tz, URLFJE O OFEMEIX, ™ MEA & 12 Nafion Th

. B DOBEE BRI 7 Bl R E R EN R E b, fiEo T, IEMLIEEE
ﬁiiﬁaé@fﬂf&ﬂmm& B ESRO MR FICERE L, B I L B A
BRI TWD Z ERRBI T,

Fig. 4-10 (2, —EtBED C-5+N-25 A & Standard ¢ N-30 FEfD CV MEREDFER 2 /R T,
C-5+N-25 &EfED ECSA 1% N-30 MLV m< > TV, BEAFIHE U iZZzhn i
53 %L 44 %llpoTc, HIETRLIEmWASGOFIEROEMm L LT, PY/C:Capping =
60:10 ® MEA T® Up, = 55 %IZIEFITITVMEZ /R L TR Y, ZBFIEIZ L 0 —fL~D
Capping A8 AIZ LV | @ OERNEIZ LR =M m OB U, KBRS CoMt:
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ER EICBN S22 EARIBEI LT,

WFEE & B s O S BRI io 2 5 L 72 5. Standard @ N-30 &5 T 1.84 X 10™
Alem?®, TBEPED C-5+N-25 M T 4.01X 10 Alem?® & 73 - 7= (Fig. 4-11a)., ﬁzﬁmmm_ﬁxﬁbb
B CEWAHERBE L 720 | BSOS EL SN L 2R TRER Lo T, — 0,

DFERNSE LN TERAEFRNTIEME /R A M 720 OB REL ] & LT, pt%:,%m
L7-#& %, Standard @ N-30 FEME T 1.73x10° Alem®, —Btf%0> C-5+N-25 &EHE T 2.16 X10°
Alem?® & 72 5 7= (Fig. 4-11b), ZDEA. 2 DOOEM TR X RFENR RN & BHERTE | filifit
EARD SOSHEITEWT R <. MEA TO=MRmAHEM L 72 Z SIC k> TS TED Y T
A Z . PEREZNIA L L2 2 AR S LT,

PLED X 91 C "B MEEAE VWD Z & T, Capping RO MEA MEREDIL F &5 &, Nafion
BAROMERER LA R /e o7, TERBREIC K 0 AR AT T TR /AL

DEFEE NS “RRLFJE O OBERE~D T 1 b ARE R 2R L (Fig. 4-3), =V MEA P
BEAS DLz, TERMEEREIC X 0 B A it 2 a5 2 L AR E T,

4-3-3-2. %ﬁi@%fzﬁi R BepEs

—EtRE B 27/ Capping &, Bt B ICEESE L 7= Capping A% 38 A L 7c — BPEEMR
(C-10+C-10 ﬂ#ﬁ) &L WE OVERED Capping FEM(C-20 EMR) & DLtz LT, MEA ® IV
ABRORE R A Fig. 4-12 (2797, C-20 MO MEA 12~ B C/ERL L 7= C-10+C-10 &
> MEA CTREiVWMEREZ R Lz, IR CTHIERE M B L TR Y | M2 MEREm RIZEEA
277,

CV HIE DR R % Fig. 4-13 (R T, ZEBEFEEMIZIBW TS 0.25 V T3k FE W AE BN
AONZRWD DTN ECSA M3 B LTc, BeARFIHER Uk, ZBRED C-10+C-10 &
FRCHY 40 %, 1E% ¢ C-20 HEMETHI 32 %R Th - 7=, Standard 1k & Fb~— KL Z HLD T
ETWRVIDB, ZrO; NE WO RE T2 UplTIT R B2 o 7o L b D,

2D 2 DOEMTIL, Capping KD KRE X ZEHELL, FWU 2rO, >/ hi+ &, WA
— ~ 7 L—740LEE Nafion 2 Vo, DFE Y | —HIFLA #HO T =R 2 o 72 OE
fRE ., R DR 2% 5 E @’%’“k%h%“ﬂ BN R o 7o A RO DB fE & H
WHZET, RUREMOBBMEE AW SHATH, ZMAmOERR & BREFEERED M E
Z[FRFICER T 5 Z LN FRETH D J:Tu"cézmto BB Pf Tl N-30 FEA & [RIFREE OMERE
DN, NAT Y v NEME & fEE AV BF%E T, Nafion BEMIZICECT D MEREZ R L
72 MEA OBEITEN 2D, AES SR FERMBIFFSND,

4-3-3-3. ZBREEM TR b 15 MERE DB AR
Capping & D H % 7= "B EMICIB VT, Nafion D% TEWHENE LN D
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Pt/C:Nafion = 60:30 & [7] U Nafion £ Tt & 1T > 72 F(C-5+C-25 AR, C-15+C-15 HEh) %
Fig. 4-14 |27~ 3, ZO®EMTIL, —BEREH D70 < B H 232\ C-5+C-25 iR &, %)

(BBl H N < CEEREH A3 720y C-15+C-15 B CTO I TH 5,

Fig. 4-14 7° 5, 700 mA/em? LLF & . Fh Ll EOFE T IV fifrofEm 23 22 v | KBTI
TIX C-5+C25 M E < . F LY |\ Tlx C-5+C-25 EM CHERENMEK T L7z, (KT
X —BePE H o F 2 Capping RO &EITIKAF L, @il Tl ZEERE B O %E4E Capping {ZIS:@%
IEKF LTS B2 OND, mERMTRE < ORI NI, BRI EEIC

DHEREIR T EEBEZBND, “EFEEICHWEA h—2 21 @k%mﬁ$0wwmw%ki
WA LTS A . BRIEHELHE AR Z ARt W\ 2 &R &Sz,

PLED L Hlz, —ERER & B H THREINE R . ThEhOERE wikd 52
& T, B DG HIEOMRER L FRE TH H Z E IR ST,

4-4. WES

ARETIE, YA ZD/NS 0 Capping (AL EME & L THWD GG OMETE LT, 1 D0fil
B 2 T 2 BRIV A RO HEMEZ Vv, EREEE VDT RE 235 L. R
BlERMERED M B &2 PUF Ofsia & 1572,

® i OERE CHREL L - AlifE > MEA TiX, ECSA BEWHATH 7 1 b AREHHT
R ORI LY Kb STV 5 Nafion R L 0 HEREAME < . Capping (A A&
ZEIM L CTHREROMEREN M B Lo Tz,

® RIFFETIRE L7z “BBE CTIER L2 BRIV T, — UG FLC = AR 5 & 20 R A1
R L, 7'\ b ARESRA BB SN D Z & T, MEA OEMMERED 2T OEIREE T
M b L7 2 &ENESIEFRE LV R Shiz,

® Capping KOFHRGKMEEZ D Z LT, A4 XDKEV Capping KOARIZHRL) LT,
P A XD/NS T/ Capping K% —RAIFLIZ, YA XD KR Z W EEREE Capping &% L
FDEVICEE T S & 5 ICF%EF L7 All-Capping — BtPSEM OB G, @ O/ERE TH
L7 Capplng WAL D HHERENKRE <M kLT,

® T EMHEIC LV EBRALTFRICIENER AN X o, SRHREIREE S W L L,
Y SRR @Jﬁ%rﬁ]i IEMHAFEOAIC L DM ETHD Z EWRENT,

o fRBEMIE LAY DICHIY, TEEEREZ VDY — L E KA

DICHWLSEREORMEZ BT 5 Z & TG 26 L, &R B RE
NP E DS A ST
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Figure 4-1. Schematic illustration of the proton transfer pathway through the catalyst
layer around secondary particles.

Pt/C

Primary pore

Secondary pore
Secondary particle

1st-step **
@ with small size electrolyte
(Capping electrolyte)

v

2nd-step *2

' with large size electrolyte
K (Nafion)

(agglomerated capping electrolyte)

*1 To increase the electrochemically active surface area
*2 To establish the transport pathway of protons outside the secondary particles

Figure 4-2. llustration of the Pt/C and electrolyte in the catalyst layer prepared by the two-
step method by using a small size for 15t-step and a large size electrolyte for 2M-step.
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Membrane Cathode catalyst layer

@

(b)

Rapid proton transfer Proton transfer pathway
around secondary particles  from secondary particle to primary pore

Figure 4-3. Illustration of the model of proton transfer at the catalyst layer prepared by the
two-step method. Rapid proton transfer around secondary particle on large size electrolyte
and proton transfer pathway from secondary particles to primary pore.
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< Two-step method (A) >

With or Without Capping electrolyte

Pt/C

< Standard method >

Pt/C
With Capping electrolyte
or Treated Nafion

Stir and Ultrasonication

Cast on hotplate

Stir and Ultrasonication Vacuum drying at 100 °C for 12 h

!

1st-step

Spraying on GDL

Adding Nafion in IPA / Water

< Two-step method (B) >

Pt/C
With nano capping electrolyte

Stir and Ultrasonication

Adding agglomerated capping
(more than 100 nm)

Stir and Ultrasonication

v

Spraying on GDL

Stir and Ultrasonication

v

Spraying on GDL

Nano-Capping Agglomerated—Capping'

Figure 4-4. Flow chart for preparation of catalyst paste and catalyst layer by the standard
method, two-step method (A) with drying process at 1%t-step, and two-step method (B)
without drying process, and photograph of the nano capping electrolyte and the

agglomerated capping electrolyte.
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Figure 4-5. DLS measurements indicating the Stokes diameter distribution
of the agglomerated capping electrolyte.

—— (C-12.5 (Nafion-Capping)
----- N-12.5 (Treated-Nafion)

v
0.8

0.6 Y

Voltage / V

0.4

0.2

0 200 400 600 800 1000
Current density / mA cm™

Figure 4-6. I-V curves of MEAs with C-12.5 electrode containing capping

electrolyte (solid line) and N-12.5 electrode containing treated Nafion (dash
line) at 60 °C and 80 %RH.
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—©— N-30 (Treated Nafion) 1
—l— C-12.5 (Nafion-Capping)

Voltage / V

0.9} .
021 1
'0'8...|...|...|...|... 7
0 2 4 6 8 10
0 L L L 1 s L L 1 L L L 1 s L L 1 L L L
0 200 400 600 800 1000

Current density / mA cm 2

Figure 4-7. I-V curves of MEAs with C-12.5 electrode containing capping

electrolyte (M) and N-30 electrode containing treated Nafion (O) at 60 °C
and 80 %RH.

—©— N-30 (Treated Nafion) | A
—B— C-25 (Nafion-Capping)

0.8F

0.6

Voltage / V

0.4

0.2

0 2 4 6 8 10

0 200 400 600 800 1000
Current density / mA cm™

Figure 4-8. I-V curves of MEAs with C-25 electrode containing capping

electrolyte (1) and N-30 electrode containing treated Nafion (O) at 60 °C
and 80 %RH.
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18 —&@— C-5+N25 (Two-step method) |
; —o— N-30 (Standard method)

Voltage / V

0 2 4 6 8 10
0 1 " " 1 1 " " 1 " " L 1 " 1 1 1 " 1 "
0 200 400 600 800 1000

Current density / mA cm ™

Figure 4-9. I-V curves of MEAs with C-5+N25 electrode fabricated by two-
step method; capping electrolyte for 1st-step, Nafion for 2"-step (4) and N-
30 electrode fabricated by standard method (O) at 60 °C and 80 %RH.

27
o 10T
S
o
<
E ot
2
2
D
S -10r1
c
o
S
jun}
O 201
------ N-30 (Standard method)
30F — C-5+N+25 (Two-step method) | |
0 0.1 0.2 0.3 0.4 0.5

Potential vs. RHE / V

Figure 4-10. CV curves of MEAs with C-5+N25 electrode fabricated by two-
step method; capping electrolyte for 15t-step, Nafion for 2"-step (solid line)
and N-30 electrode fabricated by standard method (dash line).
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1x10° .

—~
O
~

@ 1x10° ;

0
T

Exchange current density i /A cm?

/ Acm?

0, Pt

Exchange current density i

1x10™ :
N-30

1x10° .

C-5+N-25 N-30

C-5+N-25

Figure 4-11. (a) Exchange current densities, iy, and (b) iy per unit active surface area of Pt for
MEAs with C-5+N25 electrode fabricated by two-step method; capping electrolyte for 15
step, Nafion for 2-step (4) and N-30 electrode fabricated by standard method (O).

Voltage / V

02r

—— C-10+C-10 (Two-step method)
=--@--- C-20 (Standard method)

400 600 800

Current density / mA cm™

1000

Figure 4-12. 1-V curves of MEAs with C-10+C10 electrode fabricated by two-step
method; nano capping electrolyte for 1st-step, agglomerated capping electrolyte for 2md-
step (<) and C-20 electrode fabricated by standard method (O) at 60 °C and 80 %RH.
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— C-10+C-10 (Two-step method)
--------- C-20 (Standard method)

0 0.1 0.2 0.3 0.4 0.5

Potential vs. RHE / V
Figure 4-13. CV curves of MEAs with C-10+C10 electrode fabricated by two-step
method; nano capping electrolyte for 1st-step, agglomerated capping electrolyte for 2md-
step (solid line) and C-20 electrode fabricated by standard method (dash line).

—— C-15+C-15 (Two-step method)

=== C-5+C-25 (Two-step method)

Voltage / V

0 500 1000 1500

Current density / mA cm ™

Figure 4-14. I-V curves of MEAs with C-5+C25 electrode (O) and C-15+C15 electrode
(<) fabricated by two-step method; nano capping electrolyte for 1t-step, agglomerated
capping electrolyte for 2M-step, at 60 °C and 80 %RH.

107



b
o
gl

% 4 FE 5| FSCHER

1. C. W. Lin, L. C. Chung, R. S. Veerapur and F. C. Yang, J. Power Sources, 196, 1069 (2011).

2. E. Higuchi, H. Uchida, T. Fujinami and M. Watanabe, Solid State lonics, 171, 45 (2004).

3. O. Nishikawa, T. Sugimoto, S. Nomura, K. Doyama, K. Miyatake, H. Uchida and M. Watanabe,
Electrochim. Acta, 50, 667 (2004).

4. G. C. Liand P. G. Pickup, J. Electrochem. Soc., 150, C745 (2003).

5. Q. P. Wang, M. Eikerling, D. T. Song, Z. S. Liu, T. Navessin, Z. Xie and S. Holdcroft, J. Electrochem.
Soc., 151, A950 (2004).

6. Z. Xie, T. Navessin, K. Shi, R. Chow, Q. P. Wang, D. T. Song, B. Andreaus, M. Eikerling, Z. S. Liu and
S. Holdcroft, J. Electrochem. Soc., 152, A1171 (2005).

7. N. Limjeerajarus, T. Yanagimoto, T. Yamamoto, H. Ohashi, T. Ito and T. Yamaguchi, J. Chem. Eng.
Jpn., 42, 39 (2009).

108



&
I

HEoE
Capping E#K F D71 b AREM B ~DEHRIZL D
PREHE A AR 0D B 3%

5-1. ¥&S

5-1-1. FFFEDOE R

3, A4 ETIE, Zr0o, DMK L Nafion DEBME R Y ~—TORKE - M (7
U > R¥PEHCapping 15) % vy, BEFED Nafion FEfi & bk U Cilgama 1T o 72, EBEEEIC X
D A AR E T D 2 & T, —EBEE & B H Ol 512 Capping 1K % B U7 fili e o
BAFEIZ AT L 7= 23, Nafion AR & [FIFREE O MEAPERE S 72 0 B 72 D PEREIR EASsRO B D,
(Nafion £z ATV S 72, A 7 U v REEFTAHRFIZR 100 °C YA ETOFEGRIFIT-> TR
V)

BB A OB A R L2l b b B8, Nafion FERR & FIRRE OMEREICE £ -
7ZHABE LT, 7a M ARERTIE W Zrio, WEME & UL THER LW RDZET b b,
1-23EDONAT Y » RETER L7 LT, ZI0, 72 EOBLMH Tix7e <, U UV BESL AL
KU L DT v N ARENTTREAR TR 2 A T 5 BRI OIRG B E < AThh T\ 5,
F7o. ZrO 72 EDWAC BN I TN D FlEAEITK LT IO MWL TH Y | A4FFED
£ 912K 50 wi% b EA L=l R b, - T, fillitE o EME & LT Capping (k%
MWD LEITIBNT, B ORMEHT X 2 B OB kD B2,

5-1-2. Capping ¥R 707 1 b AREER~DOEH

Capping & ClE, MEHERI 742 <A L72RRET, insitu T7'a FARERA~ERLT 5 =
EDFRETH 5 (Fig. 5-1), 7' b AREMEZ A 5 HH K- Zirconium phosphate (ZrP; Fig.
5-2a)' %> Zirconium sulfophenylphosphonates (ZrSPP; Fig. 5-2b)**i%. Nafion & DA 7 v
REEEE LTHE STV DD, 26D Zr b EWIZ ZrOy 705 insitu TEHATE 5 Z &R
SPES-Capping kD % CHER ST % 8, Z 5 0 SPES-Capping (A DfiE T3, SPES Hiji,
MR - HM L 0 bRV T e b AREMN 2R L7z (Fig. 5-3, 5-4), /R 75 ZISPP 72 &
DORLA-Z R Y ~—H O insitu TEHT 5720, K DIERILZ % (Fig. 5-5). SPES & D5t
AR T r b AREERH ELZEBE X bR TWD,

5-1-3. B3O HH
A - BN 7y REPEFCTH % Nafion-Capping 4 % fil g 1 F VN 72 356 O fik i BR
FaeHPE U, B ME CALE 2 /R U 722 T Zro, /v 6 ZIP° ZrSPPIZE#L 5 Z & T,
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fitfitfg o7 a h AREM Z R E S, MEAMERED R EE HEET,

AHFZETIE, flE O BEO B % BET 50, IS © Nafion 82 W5, - T,
80 °C DIRE TRl 21T > 7=, 2 F V., BEEOHE TR 54125 Nafion-ZrP 72 E DA 7 U
R 100 °C LA Lo @SRz Is1F 2MEREM _Eod & 5 72, Nafion BRI k4 2 A4 IER#ELC
A CE R, L L, BHATD ZrOy & & Ok A21T 5 Z & T, 7u I AREERADE
BUC X DB E R L, A 7Y v REBOFEIRIEE BT 5,

5-2. EBR

5-2-1. MEA DERL

5-2-1-1. filijE VR

fi il X, TReREECIERI U7, BB 4 B OOR Lo (AR & G de B L, (B)RZHEE
FREGEERVEBEED S B, L0 f#ERB)DHIETITo7z, —BfEE & BB ICHNY
% EMIEIC, )/ Capping 1K & EEEE Capping (A2 W% Z & T, fikiftf@iN o zr B3 VE
MRz R L7z,

—BtpEH & LCPYC T L, F/ Capping f&% H\ T Pt/C:Capping = 60:5, 60:15 D3
TR~ — 2 N 2T L R LB EW A 15 1T o 7o, R - MRS KD %,
BeftH & U CHESE L7 Capping IRIRIRZ BN L, BEW - B EE 15 01T-o72, —BpER
& TBPEA O E LT, 2 MEOEm A ER L 7= (PYC:1%-Capping:2™-Capping = 60:5:25,
LLUF C-5+C-25 M, 60:15:15, LLF C-15+C-15 HEhii L 9°2), A7 L—8&Al2L Y, PtEA
B 03mglem? & 72 % X5 ICHEBUB o Bic A L, EBmERIE 5om’ & Ln, BEEMmO
AR - AERTNEL E OfELIT Th Tz RN O EMIE L TOVERE ik
IATOT, BRI OB & O OZAT > 72,

5-2-1-2. fififE COEH

filiifE C D ZrO, DEHT, LT D X 51T o7z, % — LIZEMm 1 & AfL, 10 mL &
FED U UEERIE. b L < 1% meta-sulfophenylphosphonic acid (SPPA; Fig. 5-7)1&% & I %, M
IXPTFE A v ¥ o |lZ8 BN VE DAY —TF—F v 7 THE 2 N6 L7, 80°C
T 18 MMMz 1T o7, Bt OEMAIT Y L, 2 % PTFE A v v a|lfkA T —T
—IC AN, ZIP OEAIE RO K THE %, ZISPP OBAIEA X /) — /L TUes LT, Weiid.
—FEIZ70~80 MLIZ CIFIE A AN TAX —TF —F v 7 TPTFE A v ¥ 2 2 & 2 723 bR
T 1RFRNIE EBEE L, BRI A A5Ha L C 3 [B11T > 7= (Fig. 5-6).

SPPA &%, Phenylphosphonic acid 10 g & &2 10 mL % 180 °C T 24 KeH S S H 7
e, WAL 725 5751 gRO KIZH L, Hiik% 05259 AtL, &AL LT 15M ® H,S04 %
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e\ L7=(Fig. 5-7)"%,

5-2-1-3. MEA D{ERL

MEA @ Anode & Cathode D iifiziZ %, [F] Uk L& FFOEME Z Mz, BT
il & RO K CEVLER L 7= Nafion NR-212 5% fvy, 130 °C T15flAy b7 L& %ﬁb\
2 kN TEVLERS X MEA Z2{ERLL 7=,

5-2-2. flfifE CHOEHIZ L D Zr DFHE

5-2-2-1. Zr B O
fil o fE AT DB WY VR E O HRAIRSC, 28 U T Al (2 5 D B HRTR
YT DK - AL ) — 7 EOBRE R AN L7, #FER S 77 X~ (Inductively
Coupled Plasma; ICP)%& 55y Y643 #1 il & (ICPS-8100; Shimadzu Co)lZ L W iIRIEHIZE £ D
*Si-P-SOREATEETDHI LT, Zr OV HESCERITIREZ Ml LT,

5-2-2-2. RHOFH

ZtO, 678 R AMREIRTH D ZIP X0 ZrSPP IZ A a9 2 B R T- LR (Bulk) TO AR
FREIL TS T, ABFZETIE, il D ZrO, % in situ T ZrP X° ZrSPP (A H# T % 7=
EHEICEBRTE TV DR T D LEND D, BEEZET 2 &7 < % il 3“5 z
ENTE D X BREHTEXRD) IR S RS JEIE(ATR-IR) CORE 23 A 7225, Zr i
kO —27 ZBUINT S5 Z EBNHERPo T, W T, UTFOFEEIT-1Z,

<filfJE > KBr 512 X 5 IR HIE >

ZrP 72 SITEHA L UV NI o T il 8 A 2 3 F 25 TN L, Capping (K723 7= PUC
W27, BALH Y 7 A(KBr) LIEEIHATT VIR L%, SEAIZIER L. IRHIEZIT-
77
<ICP FEIT I HTIC K D>

ZrP 7p BN L PSR o Tkl 2 A F 2 T THIA L, EKTP %3 Zr iR
L7z, ZIP 72 EIXARICIZSE RICIRT & S WAREMEN H D72, Pt & OERIC K 5 E &Sy
PridaT o7, EMsthroHITo 7,

5-2-3. BXALFERAR

5-2-3-1. BREFEMFRBR
MEA OYERER T2, BRLFHIREIZ L ViTo72, MEA % v > 7 /L L (ElectroChem,
Inc)ict v b L, A AR L, tr@’féﬁfﬁ%ﬂz@%ﬁi%@fx T+ DH70fiE% Hy/ 0, =100/
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500 mL/min &R E LT HAITEMIEASNAFNIAT F—4 @ L, WEL 2 fa—
L L7z, MEI%, Anode « Cathode i & % 80 %% L < 1% 30 %RH TH7\ >y, &/LVIEJEIL 80 °C
Lz, BMBEICLLIELVEME, 8 F ¥ 1/ RKEREEHIL010SMBA; HOKUTO
DENKO Co.) & MW THIE LTz, 72, BRI OB A MR T 5720 IRy [EDMEV Air
H A % Cathode {2 500 mL/min Tt L CTHIE H 1T 72,

PREFE M ERER ISR E S Zr RIS AL B 2 b vd, o T, WtT 5 Zr
BEWET D720, PR S 2K ZEUL L, ICP RIS Ko 21T o7, BEHaERiL, Ml
TEBHAGRD & B FRFEIE E R L7 R IR R E T D72, ZE(L LIREETOHEAK D
HIE 21T o7z,

5-2-3-2. CV #HIE

— UL~ DERE DE A%, MEA @ CV JIE (Potentiostat/Galvanostat HZ-5000; Hokuto
Denko Co., Ltd.)IZ X 0 K&t L7z, MEA IRFE TOELALFHNIEME 22 [ Al i3 HifE (ECSA)
ZEEL, BEOALFIAE Usld, ECSA ZHW-AESHEOLEREE CHRT 52 & TH
U7z B (R R S AL HEE a2 (FCC) DS HERE 3 2 4 T T o 72, B /VIREEAY 40 °C,
100 %RH. Anode {27k 100 mL/min, Cathode (2% 100 mL/min TZ &b S, HIEER]
(ZEEHR AW L, 0.05V~0.9V E T% 50 mV/s OF5 3 CHlE Lz,

5-2-3-3. EFEMHIC & 5 EREGEE

MEA DO EFHPL(IR 8. Cell #iH0) ZWE T 272012, BIEWTIEIC X 2 ERLFRE %
fio7z. IR HOPIZIE, BEEME R LI X HIRPI(BERPT), B L K & OBkt mi
i), BRIEPI(ENRCEMOE ZEEID)RH D . F OIS EIRHTIO A fh i 2 & i
LW, {EMHEALIRELE & XBIT 25 2 ENTEX H70IEFICH LRI TFIETH D,

PREFE M O NN 2 i 5 I 389 & Fig. 5-8(@) i@ Y TH V| IR H(Rr) & filfitE T
JEHEPTOR BT 2R & OB TOEPI(RAICH T BN D, BRO T —AR 1%, FEHIFLA
Z BV LERENIRE WD, I—R EERENETIRE T v v ¥ & LTEL
R CEBNEE L, SlERRIIZa T oSN EN S, 8- T, IR LSO
ik a T UV ERA AT D720, BiiA O THLRICEESITEZ 53, helcE
JEAMAIHE 35 (Fig. 5-8b).

—Ji. IR BICHIRT 2 BEEPULERICERFIC SR T 5 2 E0nh . &2 — EBIICIREF
L7tk BRREICERZERT 2 2 L CEUIEEEZMET S Z & CTIRLZFHETE 5,
Fig. 5-8(b)IZ/i L 72 20 5 28 i sl COBAL (WA IR ks, Ao HFEFI LT
< BIE(Va) Mg OIHLRL Y TH D, 72 5 XL BUNTH B30 2R3 BN 2 Fn3
HIEE, FHERBEEEZRDDL I ENTE D,

TR 51 HZ-3000 (Potentiostat/Galvanostat; Hokuto Denko Co., Ltd.) % F v, #REHE #hik
B 21 F (H, / O, = 100 / 500 mL/min) 1000 mA/em? B D i % & /W12 1430 L ki 7B
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Uit % WEWT L 72 BR O s 2L 2 I E LTz,

5-2-3-4. AC A v ¥—& v ZHIE

BT & B 5071k L LT, MEA O Cell 3T 2HET 5729012, Z8H(AC) A > B —
B ZIEI R D BRALTINE ZAT o 1o, —EBEAIIIE T 20 mV) TR B e 2 220
EREFEMEVICE R, TOROERMEZIY & 52 LT, —20EHIG FTNZH
TA v E—F R EHET D,

Z =AV/Al
Z ZTAVIIRIEIEER. Al IR ERERNTHD, A v E—F o A IERE L THY . L

VAR A DI DEE L, VT I H R (AT YY) DEE NS D, D
2> & 770 b R D B EECFE RN Nyquist plot & FEEAL, S5 & OFE AUt 2 F8 L, SlEE
|2 & > T Nyquist plot OIERZE DD, Fig. 5-8(@)l R~ L 7= Zelim B OS5 E . &8z Rr
I LT AALEICEBLI, a T o LN R ST Ralxa T U HCHEkT AU T
7R ARG )VBBIND T D 8 RI2 D A4 TR B BUR O 55350 & B2 D2 &I
Bhb,

MEA TP AC A v B — X U AWEIC X 5 IR EORHIL, Bk & %720 | Fig. 5-8a
R ROSEHU(RA) FAE LR WGRME T CiTofz, ZAUC LD CEMZR SITR LR 72D,
FEER & DRI IR HEHSEOEH(Cell #PH)23 B S, Hy/ Ny =100/ 100 mL/min T, )&
A - T CTITo7,

5-3. FERLEBLE

5-3-1. 8 TOEB DN

5-3-1-1. B#ic k5 Zr iHE

<ZrP ~DE >

fb IS N C ZrOp 72 & ZrP ~E A L 72556 O AR - YeliiklZ & £ b Zr, Si &% Table
5-1(a-b)iZ R L7z,

Table 5-1(a-b)7> 5. ZrP ~DZEBIFIZE < O Zr BH LTV D Z & AR TE | 40~50 %
FREE Zr DT 72 Z E B RERR SNz, Lo L, PElfe < Zr i3t L7Ze o 72, ZrP i3k
W LIC <, @B FITEHIC L VRN T 7 ZrO, K0 H K& D 2 EfER SN
TV % 8, Nafion il DA T AT 130 CREE N, KEBALBAIME T 5 2
ERMBITND S, ZHdi 80 °C LIREZEL LTHY ., & HICHHR L2a0 O Rk
LTW5, fillitE Cld PUC KD JE W Iz T cast f5] 0 X 9 722 JE T Capping (A3 7F4E L
TWD T2, - FOIEIMED ES 72 Nafion 725, F / ZrO, DA R G172 - 1= Al ek
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NEZHND,

— 07 . ZrO, [ITAERi S ¥ 72 APSIZE N D Si 2OV TR 5 & A HATZIE A& 100 %
FTWED Si NI L TWAZ ENbooiz, Zro, o APS IIZEHA P I B L7- 2 & VR E
7,

< ZrSPP ~DZE i >

fibbE g N C ZrOy 7 B ZrSPP ~Z8 4 U 72356 D AR « Vel IZ & £ 405 Zr, Si & % Table
5-1(C) IR,

ZrSPP DA b IFIERIC, ZEHATFIZ 60 WEEED Zr i L= Z & 3faB S iz, SilcfL

T, BHIR L eER CHER SN TR Y | HARED 100 %irWED Si i L TnD 2 &
WMo Tz, ZISPP ~DZEHOIEFE T, APS MLl L7- = & 2VRIB STz,

5-3-1-2. BHDENT
<ZIP ~DZEHL >

Fig. 5-9 |2, filli)E DLEHAT D IR 227 b L&, 1050 cm™ T2 K & 28 R,
Sz, g o 227 R Lk, PUC DA —iR U HERSe Nafion D B — 27 H&de7-0, Ak
% (ZrP-Nafion + Pt/C)7> & & #inij(ZrO,-Nafion + Pt/C) & 5|\ =7 A~ k)L % Fig. 5-10 |Z/R~
¥, Bulk @ ZrP @ &'— 2 L [RIEEIZ, 900~1100 cm™ I B — 27 28d - & 0 LR S, P-O
DOMFEIRENCH KT H 8 — 7 LRIETE 5, %Ik 25 723, Table 5-1(a-b)iZ MEA F&E H1
HEKIZEEND P OEZFRTAERERLTEBY, UV UBHkO P BNFEAL RPN
W2 EDD, FT-IR TRENIZE— 7 BMIEEIZ i > T2 U Vg & 135 2 HEW,

F72. ICP OFEENHIT, £7}<T“?§75>L7‘:?§i€i0)$ Zr HHERT 5 2 E Rk, ULk
NG, RN TO ZIP ~EHTE 52 L, 2ERMETI Zr BNE-> TV AR E N,

< ZrSPP ~D 75 Hh >

Fig. 5-11 12, il OZEHAFTH D IR A2 kL ZoRd, 1050 ecm™ (1512 K& R E VA A
biiz, ZrP DA L RERIC, jAﬁﬁiﬁé‘(ZrSPP-Nafion + Pt/C) > & 28 4 Hii(ZrO,-Nafion + Pt/C) %
Bl =7 2~7 | L% Fig. 5-12 7% L 72, 900~1100 cm™ fH T 122507372 P-O O Eh i H
KT B E— 7 BRI S L2, & 51T, ZrSPP IZE meta- 7 = =/LER2H V) . 680 cmt, 800 cm™
FHTICZE DB — 7 BN & 7=, Iz C. Table 5-1(c)iZ MEA B H OHPEKICE NS P, S
DEEPFRTFEREZRLTEBY, SPPAHKDOP & S, FEEHENKDO ST EA CHREB IR
WZ END, FT-IR TR S B — 7 MM I 5% > TN 5 SPPA SOmiili & 135 2 i,

F72, ICP OFERNGIF, FARTE LICWKEOFIUT Zr 2R+ 5 2 L nkiz, DLk
D FREEEN T D ZISPP ~AHATE 5 Z &\ ARmHE T Zr %> TV DR S 1Tz,
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5-3-2. ZrP B O BREHE Mt BE

5-3-2-1. mBEE &M

ZrP ~ZEH# L 7= B L, PYC:1%-Capping:2™-Capping = 60:15:15 (C-15+C-15 &) & .60:5:25
(C-5+C-25 M) Th 5, C-15+C-15 EMDOE XL FRBROFR L LT, LHATH O Lg%
Fig. 5-13~5-16 |, C-5+C25 EM DL % Fig. 5-17. Fig. 5-18 /~9°,

C-15+C-15 EMR 2 & de MEA DFEHRIZHOW T Fig. 5-13 IR IV IR TR O D L 91T,
ZrP ~ZEHA U7 BRI AT D ZrOp \IZ N THEREN K & < 1Ak L7z, FRICIRERM TR E
<ML, ZOBEHEIZONWTIE, BREITHOZES MM EOMNGE ENEZ HND,

MRFRILB OB E BT D02, TAZBEHETIT e, WEBIAEI E ST VR
ROTEDPMERNZE ST AN 2 THITE L7 R & Fig. 5-14 (2R9, S BIZ Fig. 5-15 (213, £
i 2 0 & L7z IV EIRR A R, IESRIREUESE L, IV R BIIC D D BRI TR A
THM, PERENS AR T D EIMA A 1L, AR & BT 200mAICM® FREETH D . &1L
Nl hotz, UL, Fig. 5-17 (2789 C-5+C-25 M Tl, (KEHRM 7T T2 < EmEmRM T
HIYEREDE VR R BTz, Zr i 123 50 W H L T\ 5 720, B LR CTHA SRR H A E
DEWBDINOTREL TWD EEXBND,

W, ZAHREORELZEET HI2D, CV HIEDER % Fig. 5-16 |77, AHZIZER
L RNZIEME 72 A (ECSA) S KIEIZIEIN L TR Y . ASAFIHE Up b ZHREI(ZrO,) D
31 %00, L (ZIP) T51% &M LT, [AU X 9 2L, EALLRDR 5 C-5+C-25
B A ST MEA TH R o3 IV PEREZS M E L(Fig. 5-17) . ECSA & Kl #40 L 7= (Fig. 5-18),
Upt (XZEHRRT(ZrO) @ 35 %~ >, ZEHat%(ZIP) T 48 % & 72 o7z,

ZrP TEVWVERRDMS BB & L C AR NI A O BRIV U CERIRIR AR 5 T
WAHRREME DB X bivD, Ll FERBRF O MEA OHEK % ICP FIE53 K CHesd L
TR, UV UBRICHRT D P TSN T, BAF) VBRORBITER TESIZLE/ I N
Ez2 bbb,

PLbnn, v FAZEER TRV ZI0, b, 7' M ARERTH D ZiP ~EHT HZ &
LD MHRERM BT A Z R E N,

5-3-2-2. {RI®EESAM

80 °C. 30 %RH 5:ff:  TfT > 7= C-15+C-15 &% & e MEA DEXALFRBR O R % Fig.
5-19~5-21 {2, C-5+C-25 EAR COfE R4 Fig. 5-22, Fig. 5-23 IZ L LR T,

F 9 C-15+C-15 i & 512 MEA OFERIZHONT, ik L7 @i ST & ARk, 5
L7= ZrP AR CHERES KIBIZ M B U7z, (KBRS RE Tk, BRI K& <2572, IR
HRDOIEPU(LLA T, Cell IO FE A BIRMERTEE AC A L E— X U A TiTo72, AC AV
v — % > A CHIE L 7= Nyquist plot % Fig. 5-20 (2783, Cell FiFTITEL E DL TH Y | ZrP
D MEA T 120 mQ, ZrO, &> MEA T 130 mQ & 72 V) | ZEHaRI#4 T Cell IiHTIC K& 72
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EIR SN oTz, F-, BREREICBONTH, ACA U E—F U 2L LIZIER UEE
AL, Cell IBFUIEBAIEZ TIZE A EED LD o7z,

Cell HHIDO B 2 7= IV iR & LT, IR-free @ IV #i#R A Fig. 5-21(a)lC. il % %14k
(2 L7z IV #h#R % Fig. 5-21(b)ICZ 3R Lz, T OKITlE, fiRiEo SOSASE, fillE N o
7 b ARERE, AR EREAEICE DS oclEE L LTREND, Fig.
5-21(b)IZ R T L72 8 B K& AN D 5E1E. U A EBESE 72 & OB BhRfe 3
L 72> TS, fEEIZHW D EME DT 1 I AREENENGE S0, e b ARE
END I A e & BRI TR AR T b5 1, Gt - T, AN CTHEL
ém‘_ ZrO, &l & ZrP AR T OMREDE X, KRBT TR X 7 PEFEDE VT =48 i

WCHFEL, @ERMTIE T e b AzENE, b L <IE VW RIEHEIC X 2 EE 722 mE S E)
1?—1_ L OMERENREBIL LT EZBRD,

[FER DA, %Mt%@@;‘%fxé C-5+C-25 EiA & ie MEA TH R 57, Fig. 5-22,
Fig. 5-23 IZ/R 9@ 0 | IREOEEE /< Lz IVRBROK RS | (KEFHEK COMEGEDE
AR %%{ﬁ’ﬁﬁfjf@ PEREDEWR T - X D L R 5T,

7k AREVEIZHOWT, SPES-ZrP @ Capping & T, cast 5z W TF o b AREE
ZRMETL TV, 90 °C, 55 °C {233V T SPES Hifk X » SPES-ZrP ™ Capping AT’ 1 | >
{RERE R L L7 2 & 2SR STV 5 °, Nafion @ Capping (fKOZ Tld, % 2 MEZ/E
W42 - ERREEZR -0, 7 b AREE A Nafion & He2 2 &RV, Zr0o, v b
ZIP ~EHT 5 2 L CHERED M BT A AIREME I R I B 2 b s,

5-3-3. ZrSPP BB DRE BRI RE

5-3-3-1. EIRESRMH

ZrSPP ~ZE# 7= Pt/C:1%-Capping:2"-Capping = 60:5:25 (C-5+C-25 &) 80 °C. 80 %RH
TO IV IEREDRE R4 B HHT & el LT Fig. 5-24 (278 LT, ZBHET & e, KIEIZ IV
PEREDSIA) B L7z, Ll A ECTOMm & Ry | REGRM & mEiRfl CHERR O & 23K
XL ol ACA B —F L AL THIE L= MEA @ Cell #iH11%, ZrO, FEA8 C 20 mQ, ZrSPP
BT 18 mQ & Cell IHTIT R E < B Lie o Tz, TOREREEE 2. IR-free D IV Bl &
Kl C Fig. 5-25 (Zos L7z, KRB ClIb /e tbignm B2 R S5 28, EERE <
REREWVDRH Y | ZrO, B T/ EB NGO HEIC K 5 MEREIK T 2B S 47z,

FPIREI TOMEROEIZOW T, CV HIE DR R % Fig. 5-26 (2779, ECSA % ZrSPP
B CTHT NI X TEY . Up i XEHRT(ZrO) D 35 %), 24tk (ZrSPP) T 39 % L 72 -
77 IKER CTOMRER HiX, “MHAREDOEWVWEEZ LD, @EMRTIE. 71 b AvAzE
ETIZZR Zr0, v D, 71 b UAREARD ZrSPP ~ZEWa L= Z &2k 57 1 b AR R
THRO, F72 ZrO WEBIRIETIZ 60 LR T 7= 2 LI K 2B IEBAEOfifE2 &, #
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5-3-3-2. {KIB RS

R FE S T T o 72 C-5+C-25 B D L% TO IV R BROFER % | Fig. 5-27 IR,
ZISPP ([ZEH# T 5 Z Lic L » T, MREm BN RO T,

ZrP AR & FIERIZ, Cell #8HTIZ & 2 MEREIK T 70 &2 B\ 72 IR-free T IV #hifi % Fig. 5-28 I
AT RO Fig. 5-28(b) % LD & AREFUTIER & A ERE A kIT L T, m
TOMRENIEE TH D Z PRSI, £, BHRTD ZrO, B ClI A MEREK
TN BT 2 2 LIS AWM ERIR NIXdE s, ZiP LRI L X 912,
SHIREOENZT TR BBIHE - T a b AREMEOE W EOBEA R ERIIC L
D EBEEEN L L, HRENm B LB b,

Fig. 5-23 C7x L7z ZrP B HE X, Fig. 5-27 @ ZrSPP &M CIIMERENMEK 2 > 72, ZISPP (&
BRSO ISR T L E 9 BAZ W2 , ZP BRI LMK E R COMEREIR EAvH 9
Motz EZ2BND, -, KBETOT 0 b AREMEDOE &V ) ATREME S 2807 5
N5, LED I 51T, Zr0, b7 v b UAMERIZAE#T 5 Z LIk 0 RiEZetEgerm B
"ondZ RSN,

5-4. fEE

ARETIL, A1 - T A 7V v REPEFCH S Nafion-Capping R % filiitfE (2 N 7= 56
OfEEE RS & LC, Capping IKIZE £ ZrO, %, in situ T7' 1 b UARERTH D ZrP,
ZrSPP ~ZEHLT 5 = & Tt g ERE D) LA, LLT ORI A 57,

® Nafion-Capping &% F\C, fililE 1 C ZrOy 75 ZrP « ZrSPP ~DZEHIZkth Lz, &
BB T, ZIP ~DZEHD A 40~50 %IE L, ZrSPP ~DZEH DA 60 %IE L Zr
ML LT LE, ZrSPP &M T LV i &N Z o7z, Lol WifHiafese MEA %
B Zr O IR S e o T,

® ZrP M 80 °C, 80 %RH &/ T TORREIEMMERRIL, ZHd 5 Z LIT K-> TKIRIZH
EL, ERIEFREORERENS, ZMRMPHE X722 &2 S X DR EERIE X
niz,

® ZrP FEHiiD 80 °C, 30 %RH &/ N TORREIEMMERRIL, 23 5 Z LIT K-> TKIRIZH
U7, BHETO ZrO, BT, 70 b AREHECIRH G ICH kT 2 WER
A LRI T EI S, BT 5 2 & TSN D Z LVRIR S LT,

® ZrSPP EHiD 80 °C, 80 %RH &:ff F COMREIEMMAEIT, LT 52 LItk THEE
FEREIE TR | L7z, (RERER CIIMROEITDLT N THY ., “fHAmEL DT
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DN Z 1212 o, BB TR S EREM BiX, AT O B CIT B E L
B EONAERIK TR LN TR, Zr RiF-RNEHIC K > TE L $kiF=Z & T
HS Nz LR Sz,

ZrSPP D 80 °C, 30 %RH S N TOMREIEMMMAEIL, T 22 LIk > ThT
AR L7z, ZBEIZ XY, SEREROMEBEHEIC LMK TIXR b7 <
720, Ta hAREN R B b L <EBBIEBEIEO R B X RS YGE SN L
TR X T,

fili i o PN CHERERL - 0D ZrO, 776, 7' b ARE(RD ZrP X° ZrSPP [C A H#Ad 5 = & T,

RIEZRPERER AN LD, ARSI 2 A - A 77U~ RAPEHE I 5k tk
PRSI,
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Figure 5-1. Illustration of Capping phenomenon and conversion by acid such as H;PO5 and SPPA ag.
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Figure 5-2. Chemical structures of (a) Zirconium phosphate (ZrP) and (b) Zirconium
sulfophenylphosphonates (ZrSPP)
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Figure 5-3. Proton conductivity with relative Figure 5-4. Proton conductivity with relative
humidity at 90 °C for SPES cast membrane and humidity at 90 °C for SPES cast membrane and
ZrP-SPES cast membrane converted from ZrO,. ZrSPP-SPES cast membrane, and bulk-ZrSPP.
This figure was cited from G. M. Anilkumar, et This figure was cited from the Master thesis by
al., Electrochemi. Commun., 8, 133 (2006). T. Aonuma (2011).
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(@) (b)

Figue 5-5. TEM images of (a) ZrSPP-SPES cast membrane and (b) bulk-ZrSPP.
This figure was cited from the Master thesis by T. Aonuma (2011).

< Two-step method (B) — Conversion >

Pt/C
With nano capping electrolyte

Stir and Ultrasonication

Adding agglomerated capping
(more than 100 nm)

Stir and Ultrasonication

Spraying on GDL GDL

Drying at 100 °C for 12 h

Spraying

Catalyst Layer

Conversion solution

________________ F--- - -
Conversion by H;PO, ag. or SPPA ag. »_._44

at 80 °C for 18h -
! AT,

Washing by water or MeOH
atRT for 4 h Electrode PTFE mesh

Figure 5-6. Flow chart for preparation of catalyst paste and catalyst layer by two-step method
(B) without drying process, and conversion process from ZrO, to ZrP or ZrSPP.

SO,H
H,S0,, SO;

v

180°C, 24 h
PO3H» PO3H,

Figure 5-7. Reaction scheme for synthesis of meta-sulfophenylphosphonic acid (SPPA).
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(a) (b) Voltage
Rr Slow final rise |
toOCV,Va |
" Immediate rise in
| voltage, Vr
Ra ] /
E L—O
A Time
Time of current
interrupt

Figure 5-8. (a) Equivalent circuit of ideal MEA cell and (b) sketch graph of voltage against
time after current interrupt. This figure was cited from J. Larmine and A. Dicks, Fuel Cell
Systems Explained, John Wiley & Sons, Ltd., 2000.

Table 5-1. ICP results for outflow amount of Zr and Si, and residual amount of P and
S; (a) C-15+C-15 electrode to ZrP, (b) C-5+C-25 electrode to ZrP, and (c) C-5+C-25
electrode to ZrSPP.

(a) C-15+C15 (to ZrP) Zr(mg) Si(mg) P (mg)
Introduction amount (Ideal) 0.897 0.207 -
Conversion solution 0.369 0.272 -

Wash 0.000 0.005 1.817

Discharged water (MEA) 0.000 0.062 0.000

(b) C-5+C25 (to ZrP) Zr(mg) Si(mg) P (mg)
Introduction amount (Ideal) 0.970 0.224 -
Conversion solution 0.474 0.128 -

Wash 0.000 0.012 6.351

Discharged water (MEA) 0.000 0.027 0.000

(©) C-5+C25 (to ZrSPP) Zr(mg) Si(mg) P(mg) S(mg)
Introduction amount (ldeal) 0.939 0.217 - -

Conversion solution 0.562 0.197 - -
Wash (MeOH) 0.000 0.083 0.237 0.103
Discharged water (MEA) 0.000 0.008 0.000 0.005
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Absorbance [-]

— After conversion (ZrP)

Before conversion (ZrO»)

4000 3000 2000 1000
Wave number / cm™

Figure 5-9. FT-IR spectra of the catalyst layer with capping electrolyte; after
conversion to ZrP (solid line) and before conversion (dash line).
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Figure 5-10. FT-IR differential spectrum from the catalyst layer with ZrP to ZrO,
and FT-IR spectrum of bulk ZrP(dash line).
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— After conversion (ZrSPP)
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Figure 5-11. FT-IR spectra of the catalyst layer with capping electrolyte; after
conversion to ZrSPP (solid line) and before conversion (dash line).

— — Bulk ZrSPP
— CL_Differential spectrum (ZrSPP-ZrO,)

Wave number / cm™

B

Figure 5-12. FT-IR differential spectrum from the catalyst layer with ZrSPP to ZrO,

and FT-IR spectrum of bulk ZrSPP(dash line).
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Figure 5-13. I-V curves of MEAs with C-15+C-15 electrode converted to ZrP (@)

and with C-15+C-15 electrode (<) at 80 °C, 80 %RH.
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Figure 5-14. -V curves of MEAs with C-15+C-15 electrode converted to ZrP (@)

1000

B

and with C-15+C-15 electrode (<>) at 80 °C, 80 %RH under Air gas feeding condition.
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Figure 5-15. Logarithmic axis 1-V curves of MEAs with C-15+C-15 electrode converted to ZrP
(@) and with C-15+C-15 electrode (<) at 80 °C, 80 %RH under Air gas feeding condition.
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Figure 5-16. CV curves of MEASs with C-15+C-15 electrode converted to ZrP (solid
line) and with C-15+C-15 electrode (dash line).
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Figure 5-17. -V curves of MEAs with C-5+C-25 electrode converted to ZrP (O) and
with C-5+C-25 electrode (4) at 80 °C, 80 %RH.
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Figure 5-18. CV curves of MEASs with C-5+C-25 electrode converted to ZrP (solid
line) and with C-5+C-25 electrode (dash line).
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Figure 5-19. I-V curves of MEAs with C-15+C-15 electrode converted to ZrP (@)
and with C-15+C-15 electrode (<) at 80 °C, 30 %RH.
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Figure 5-20. Nyquist plot of MEAs with C-15+C-15 electrode converted to ZrP (@)
and with C-15+C-15 electrode (<) at 80 °C, 30 %RH.
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Figure 5-21. IR-free I-V curves of MEAs with C-15+C-15 electrode converted to ZrP
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(@) and with C-15+C-15 electrode (<) at 80 °C, 30 %RH; (b) Logarithmic axis.
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Figure 5-22. I-V curves of MEAs with C-5+C-25 electrode converted to ZrP (O) and
with C-5+C-25 electrode (@) at 80 °C, 30 %RH.
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Figure 5-23. IR-free I-V curves of MEAs with C-5+C-25 electrode converted to ZrP
(O) and with C-5+C-25 electrode (4) at 80 °C, 30 %RH; (b) Logarithmic axis.
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Figure 5-24. 1-V curves of MEAs with C-5+C-25 electrode converted to ZrSPP (1)
and with C-5+C-25 electrode (@) at 80 °C, 80 %RH.
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Figure 5-25. Logarithmic axis IR-free |-V curves of MEAs with C-5+C-25 electrode converted
to ZrSPP (1) and with C-5+C-25 electrode () at 80 °C, 80 %RH
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Figure 5-26. CV curves of MEAs with C-5+C-25 electrode converted to ZrSPP (solid
line) and with C-5+C-25 electrode (dash line)
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Figure 5-27. I-V curves of MEAs with C-5+C-25 electrode converted to ZrSPP ([1)
and with C-5+C-25 electrode () at 80 °C, 30 %RH.
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Figure 5-28. IR-free -V curves of MEAs with C-5+C-25 electrode converted to
ZrSPP (O) and with C-5+C-25 electrode (4) at 80 °C, 30 %RH; (b) Logarithmic axis.
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A-1-2. FER LEE

A-1-2-1. SPES-Capping & D FAH

Z VIR AVSE (X %) N7 D 3 FEEHD SPES(x = 33,52, 67 %)% AV, 7 2 / O ERA I
£ % Zro, & @ Capping tEDRET 21T - 72,

F£7 Fig. A-1 12, NMP T 10 Wt%IZ7e % X 9 IZF# L 7= SPES 52 & APS ff % @ ZrO, T&
fi% L 7= Capping f&K® DLS O#&H % /~3, SPES H{KT 10 nm L ETH o722 b—7 ARIT,
Zr0, & Capping SHHZ & T/HhELLRD 4 MMBEDOR N—27 AR LroTz, IbHIT
YA APKREL o T2l ERO Y — 7 LBl ST, ¥—72 Capping KN AR S iz 2 &R
s S,

WIZ, BEBLSETEHA O EE Table AL IR L2, 7 2 7 FEEAER L T 72w ZrO,
D6, SPES 33 D 10 wt%l[r] £ TIERA L7256 O Capping BIR A Z 5 Z & 3R TE
72o LML, ZHLSD SPES ARV FE T Capping KOG RRIZITREN Lo T,

—J5. T2 EEEM LTz 2rO, DA, 4T SPES T Capping DA RICHKZh L=,
& 512, SPES52, SPES67 (CBWTIiE, 1wWt% T Capping (KARRIZKLI Lz, LavL, A
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A-1-2-2. KEBENIE « N2 HRAREIZ & 2 — IR ALBFE DT

SPES & SPES-Capping &% F\V 7= /K ERIE A DFE R % Fig. A-2 (2753, SPES-Capping &%
HAWZGE T, ERER D ~—HRIZHER =KL AEAREL BT 2 LR ahn
720 Nop T AW ZE OFER(Fig. A-3) b b —UIALAFE DI . 4 nm {33 O K i FL O
bR S 4172, SPES ™% T Nafion LV & BAEMICHIALAFEOEIMES 2o 2 JHR & LT,
HE D —AR L DFAEDENEZ X IS, SPES OFH N LY I —R AEICHENS < |
REEZBNG N LBDON->TEY . R ~—BEKE AWIERIZEBW TRER O 23 BETE

DIFFETHE SN TVD 2, ZOEWASEO—RHILAR O RICHENEZ L Bbh 5,

A-1-2-3. BE&FIHEOHIE

SPES &1 & SPES-Capping FARD CV DOffi R % Fig. A-4 (27”3, SPES HAKZ EMRIZEA
L7-3%4 & il L | Capping R %2 H W 735 A 2 BRI TEME 22 mfE . ECSA 2380 L 7=,
ERAOKE) )dJ%IJﬂM Upe 1. SPES #EHiC 24 %, SPES-Capping 748 C 33% & 72 0 . Capping A&
WG AR RS M B LT,

A-1-3. #E

® 710, 127 XV HEEEMSE DS Z LT, EBHERY v — DR R L O AAE
FADOBNRIC L 0 | WRIRWIAT S T ¢ SPES & 0 Capping (D& R LT,

® SPES-Capping f& & SPES Bl O FEME 2 Lk L7256 A XD/ S0 Capping 472
t&%_:mﬁEE#WML\E@ﬁ%ﬂ%¢@ﬁﬁ#méﬂto

® EEMNT & U CEME A EA L7 IO KERIE AL, Ny B AWFEIEIC & 2 MIFLAFEM
Wit kR, DEOEME 2 H\W-5A T, Capping KO &M C—KAMLARE N
RELWD LIz,

o FMREORMEDOHD A4 X [ZHFEAL, YA XD/NSWEMELZTNNDHZ LT, Z
NETEMERY) ~—BAETIIFHT 2 Z LB TE R o 72— IRMILN O B4 6 FH]
THZENTE, MRV EMEICL > T A APEBETHDLZ LR LT,
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SPES-Capping &M R&IZE W T, Nafion-Capping K & FIEEIZY A XE2/WNELFHZ LT
SRS O K E) L7z, SPES Z il I W A 5E8 AR CE 2 ETE A LIZ L 51T,
M OREEZZE L b, ERBEEOHFIEN S, SPES 1T KMEIME V728
PTFE 72 & O#EKAIZ BN L2 UT e 67220, ABFETIEL, MR mEORE, 2F 0 WE
BEV O U WHEIRCORE D728, AR PTFE 2 58T 5 BN R0 o T2 h3, FEER
DIRETITBET DMLERDH D,

BAEIZOWTIE, AEO [SHOBLE] TR7Z@Y) . RY v —0DR - ~DE X &%)
RIZE o THEBIA b D AT D, £72. APS Z H 7= SPES-Capping A D&% 4 .
Capping RN L E L THAET 5728, PTFE DIRAIZ L D ZEME MR STV D, S HIZ,
SPES-Capping &M% TILE TOEMOF AR H 1T T\ 572, 42 SPES-Capping @ MEA
Ik D mEIETOMEERN Eb HifF S D,

Nafion & & Nafion-EM CIZERREETH 72, EBVALSFIHR, SiEfER., Ko 2 Mb
? MEA DFHFICENR D LEZ b,
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Figure A-1. DLS measurements of ZrO, with APS, SPES 52, and the capping
electrolyte composed of the ZrO, and the SPES 52.

Table A-1. Summary of Capping condition for SPES and ZrO, with and without APS
with several concentrations in DMF.

Without APS | SPES33  SPES52 SPES 67 O
10 wt% @) X X e ___‘)jﬂ
9 Wt% x X X 3
With APS SPES33 SPES52  SPES67 m
10 wt% O O @) %
4 Wt% O O ©)
3 wt% X O O M
2 Wt% X O O :
1 Wt% x e ®) e

Key : “O* denotes a well nanodispersed state of the SPES capped nanoparticles, and
“ X denotes an agglomerated state of the capped nanoparticle.
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Figure A-2. Cumulative primary pore volumes of the Pt-supported carbon with the
SPES-capping electrolyte (solid line) or SEPS 52(dash line) obtained from measurements
using mercury porosimetry.
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Figure A-3. Primary pore volumes of the Pt-supported carbon with the SPES-capping
electrolyte (solid line) or SPES 52(dash line) obtained from measurements using N,
adsorption (a) cumulative pore volumes and (b) pore volume distributions.
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Figure A-4. CV curves of the MEA with SPES (dash line) or SPES-capping
electrolyte (solid line).
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