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1.1 FROER
111 DU—=VIRIIF—~DHF LA Eith

2011 4 3 A 11 H, kGBI E CORFEERFEOZSEDOHIBIZ IV TE R HHE
HIch LI AARRES L, HEZOHOOHET TR, mERIIIET 5 HILES
fEEHE R IR ERT ORI L DWENPRERMEL 2> TS, HEOHEIZL VIR
A AR OB EKIEER AR > 7 OB Ko 72 Z & TRISZHIET 2 2 & MK
LY, FERBNINBI S M E & U T D FRE L e o 7o, Bix e RENE R o TR &
TV, BESNOFREMN Z o 7B O B FERE ) O HEM 21T T, AR OAKRIET T
72, HRTORFINZRNX—BREZHFEIELEERERE 2> TND.

WO FETH 2L FEEXUAING b, BREME, HERESCEIGRLZIZ LD =R/ F—&R
MEZ L L@ A SN TE 7. R bR FE(CO) 72 EDIREN RS A
(GHG, Greenhouse Gas)iZ & 2 HIERIERE(LRIEIZ R ~D R ERBE I TND. Lo
L7226, 17 il 6 18 A2 T COEZEFm O AR 2R E R RICE Y, GHG
OHEHITEMD—E % 7= X > T D, X 1.1.1 12 % 2000 FER-IZBIT 2 K& F O EHaiR
BINRT ADRERZERT. FIZIE CO2 1%, MO, FRMET, (LFRAITITRIENE
L[UETH LD, R 156 pm OFRIMEIZTROIRIRT 238 5 72 OIRVREZN R 2 FFo. A
fERIE, ZOHEFEORIZKET O CO2 IRENEEFAMLARTON 1.4 ML Z L%
RLTWA. K 112 [TREIBINC A 7- R o B b R FEHEHBEOHER 2779, Bk CO2 i
FE B SALARELOEEIC L D CO2 HEHEDH KITIZIZFMH L TRV, GHG Otz
Bl 2 I EARBIOEE 2 MH 35 Z E N RAI R THDH 2 LR’ nnd.
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DEWMBIAFERAEEZ DL L5 & LTWD. ALAaREEEIROF 7= 7o 3 i, BEHRS I R1
DD TSI D L, B35 KEEEICHIEN DD fTEMR B 5. fE-T, 1R
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1.1.4 IZ AARIZBT HEMBI0 CO2 PN EDOHER &R~ . ﬁé;!%ﬁ%?—“%%ﬁﬁ% TRV TR
FREWNC X0 MR S D TERE P O PEH BB ST & 72, Foli T 3 IREZEIC
KD HE D DAERL S 5 EBME PN L D PR & & RIS Jocofb\é HOD, KIKRE LT
ﬁw%ME%ﬁ?é_&@%#é.ik,HK’%wTi WhpbH Y —wr gy 7B
K2R O, SRR O mECE RO EIC XV BB O K AEIIER LTV D23,
AR 2D & Eiﬁﬁ@%ﬁﬁ%i%ﬁu:%ﬂnb A0 a L o Wi O R 0%, 2011
2108 7,108 FEAICELEHMEIN TS, ZHUCx LT, EEHICHBIE A —H
—FAEDBINT L D NBRBEBIORE N B L, —HH720 O COz JEHEITMEIZIK T LT
ETWDLHOD, ShO%EE EEOREREICE - TE, X 0IRAKRZRMRIER i3 222
N 5.

X 1.1.5 | B @y 8L SO Well to Wheel COz HEHHEOREE R 2R, VU=
YOVHD COHEHEAR 1 L4568, To—Ero Pk, Bl = 2L X —H
BEOKRS L, HICEEMICERT 2BIEORmEINO T Y IV P 0 HEmnkk
BNEPF LI, FERAIZ 20%F2E CO P EZ I TE 5 L Wbt Tngd. EIZ, Ik
B & DA Ty REIZ K Y @ah iz £+ 5 2 & T, COz JpHHEITT VY vz
VAR LTOESREICE TREBAFETH D L LTWD. — 5T, EXHBECKFRE
BHELY, EfTPIC COx 2P LanZ Eond, iR ABEEHE IR L CEE ST
WhH. LNLRND, ZRLF— é:i.céa?”%wkﬂa TR AL —THY, ZNHEED
W CHEH SN D CO2 ZMWHT 52 LN TERVWENHETH S, FlZIE 1.1.5 THK
FIREFE R AL OBREL & 72 2 KFRITEA LT, JRERCHRIE I L Y Well to Tank CO2 &
MRELS B ERERENTWS. 207, ETHIC COs ZHH LAV 0o, H
WL AT HE L TONREEETLLENDD.
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1.1.5 Well to Wheel CO2 HEH & 5
HIV oz oo dE 1 45
B b 3 ¥ AEEE(10-15 T— K)

IKFBITH V) RO T, BEFEORRENEE THDL 2 N —2DHETH
5. COIRAETDHHLDD, RIRTAEDILAREI ZHWETHZ L TRHLZENTEDL,
JRA T, KB, B, KIS LA BR = VX —2FH L B2 L TES.
ZZCHELROE, BHROBEMTHEBEBR T RAX—13IE L T Z ERREETH D DI
LT, KBITHTED RO BR S THDHZ L THDH. £io, TRV F—EROBEND D,
RE RO N EE TH D Z L1k, AAD L I ITFIMOBALOR 85%% H BT
LTWAENZE > TREDIFFSN TWVLERTH .

1.1.2 AN EROR{ERE

BT 2 RN D Y, —REM, “kEm, BREFERIC RIS D, —RkE L
WML, SN E AR S ERNITAFAE LtiT D OISR L, BREFERIE, SN Bk
SOMALA A L, AR 2 SNBICHE T 2 ORRHE Th 5. BREFEIL, BREIORF (b
T AN X —Z B LU FRISC L) EHEERT RV T — BT H =R LT — B TH D .
RELGT D E, BALEOS & BRI A S —XtOEMT /— K, hY—R)&, Zhbo
BRI O A A EEZH S EMRE, £ L TR S EFBE A H 5 B8R Sk
INb.

PREVEMIIMER T2 EMEICL > T, 70 U IREIEAFC: Alkaline Fuel Cell), &
Al R I EHE t(MCFC: Molten Carbonate Fuel Cell), [E{AEE(LAIE#RENEHL(SOFC:
Solid Oxide Fuel Cell), VU vkl E M (PAFC: Phosphoric Acid Fuel Cell)% L C[E A&

oy FERENEM(PEFC: Polymer Electrolyte Fuel Cel)IZ/33E X415 . Table 1.1 (24 F#



PREHEL D L 6 2R d

AFC IZFENRE MK, =R F =B Em. LavL, Tl U IKEHKD COz2 &
WX U CEREBA A D33 E L, BEMERMET T2 LW ocME@ndH 5. 207z, COx %
G AREFORE T A2 ZOEEANDE Z ENTET, BUE CTIIBR AN MiEEE 2 ME
SN2 FEHMSCEAELANAOABIT RS- 5720, L, S a4 X0 b2
BOo= TN EOBBEFERT L ENTEDZ NG, BB AT A0 a3 X MK
WIS CTA%RIER S D ARt 5 5.

MCFC XK 1B MND D @AFEBEICHFFENTE Y, MWERRBRTTHL. @ik
TEENT 2 7= DB A IS, HED L D @i/ fiE A R E CH  miROHED
2 MR TE LD T, BMETFNAF =R E <, RACKFERERS CO 72 K27 8%
BHERAWLZ LB TEDLE VSN S 5. — 7T, MR CRLE L T 5 REETARIE TS
BHERFRLS, T EHAR L TV D EM RO b2 SEFEMR OB S 2.

SOFC & MCFC &[RRI @R CIEEh T 2 7 ifli 7 il 2 B L B3, b mWika=
FNX—WERHFTE D, 207D, GUNIEE MW 225 GW #ko K I ARE &I H
TLIENREZLN TV, LL, MiRFEITH 572 OMBHTELR S 2 85 EITEL L <,

MR 72 SR, EERHOR S, @ a X homEm S Ens, 5EH kW 53 MW
Doy BUE IR THEBN A AR L7278 BB =1L £ —2h5 70-80% %0 9 B 2 T IE D
ST THETIE, FEHaZY 22— a AT A5E LT, 1IkWi#k® SOFC v A7
LD HITHOIL TV,

PAFC £ AFC {2\ TRY; LT BIEI CTH 0, Flix OBREIE MO 1 CHFZERFE 23 &
HEZx, FEEMERECMAMEIIEALERSIZBEL T D, ZNETIS, B~ va il
DAYz —a VAT AE LT 200kW #&°, @R OSHAIER & LT 1MW &
D PAFC v A7 ANTHHEASINTE 2. AFC LRV EMRETHDHIEY VERIT CO2 & D
FOSHEZ 67, ZBREBEEFHTES. LrL, VIVBICKD2BEND D102 7 M s
BERERMEIE LTHWD Z R TE R, 2, it Bl A8 HeER &2 R L
THY, a2 MIENHETH .

PEFC 137 v b &8O @O E S (T a b 23 #ifiE, PEM: Proton Exchange
Membrane) & BAFZ AV, #IED 100°CHIT CTIEENT 5 72 OB R 2 E Y, £72,
BIRFE OB 72, HELLARETH Y, A, BAFE, 22406 72 2 Bl g 2 1k
L UM REREEZ RELTHILE L TE L0, mWHABENGE LN, IR )Y AT HE
ThbH. BEMETHER SIS0, IRENCHRS, AL THRES L VWIRELH L. 20
o7z &it, PEFCIZABEAESI RS L CRETH Y, BIfE, BA, ek, BINEH
DI HEH A PEFC 8L O PEFC Z#5# L7- FCV OFERLIZ T 72 0F TR B3 2356 12
HHNATEY, FIEO X512, TTIC—HOBEBHEA = —N) — R L5 ETHHR AL
ToTWD. LavL, AR KIS TIKRFERIGA T —2 9 VOB EDOA 7 T T
DB L, PEFC AKF KO OFEIIEIRIC S, PERE - MiHAME - = 2 MR 2382 .



Table 1.1 Various fuel cells
TNH VI TR IR [EARER LI U UG RN i
(AFC) (MCFC) (SOFC) (PAFC) (PEFC)
EIRE KOH &k Li2COs, K2CO3 ZrO2 (Y203) HsPO. 157 F 5
PREE H: Hs, CO Hs, CO H He
Pk Al 02 02 Air 02, Air 02, Air
TEAAIR = -240C 600-700C 700-1000°C 160-220°C =E{R-100C
‘el A it 4 Pt,Ag,Ni RE RE Pt Pt
A A B OH- COs* Oz H+ H+
FENR 50-60% 45-60% 50-65% 35-50% 35-50%

IKFIMEFTE D PEFC OEMEREEAX 1.1.6 |2~

PREMEHOEERELOR] & LT,
, N(1.1.DD X o (bt m E

WA &, BB E LTT  — RIS Stk
TTw h BT D
H, >2H" +2e" (1.1.1)

7u b TERETEBEIL, VY — FMI~BET 5. TEEEREZBE L, SHEE
A= PR~ BE 5. Mﬁﬁ&bf&ﬁéﬂk%%i,ﬁ/—b%ﬁ

BT E Lk,
Kifi T m b EEF LG LRQA1.2)D K D ITKEERKT S.
102+2H*+2e’ —H,0 (1.1.2)
BOsadE LTiE1.1.3) THRIND.
(1.1.3)

H2+%02 —H,0

T AH® =-285.8 kJ mol'"(HHV) TH Y, =2 h

X1.1.3) DU DOIEAE L o 2 L e —|
o B —Z5kIZ AS® =-163.3 Jmol1 K1 Th 5. - T, AANIANEBICE Y 4 2 L nw

HE72 Gibbs ® H = R /L ¥ — AG° X
AG°® =AH° —TAS® =-237.2 kJ mol! (HHV) (1.1.4)
L7 5@5CICEBNT). Lo T, ZDLEDHMIEELR e 13
(1.1.5)

AG ~=83% (HHV)

8E—
ZD XD I Em VRS

RSN, BHWEBICRIT DL ) =R ED b ENZ E NG,
EFN, BEELOELITHRFEOND —2OHERTH 2.

REFEM O B E )3 1e) TREND.



_AG°
nkF
ZIT, nEIBEEFE Fi3T 7 77 —E%(096485 C mol)THY, X(1.1.DB LUK

11220k 9lcn=2¢7%L, PEFC OfE##EHE® 1T 1.229V TH 5.

E° = (1.1.6)

AE
— | [@ri=- +
2e” 2e" a
H:0
met | $ v , B | 2
Hg ?Hg —> —>2H+—’ 4—_ 02
)
) 02
. |HRE
SAR7/—FK SARHV—F
H: — 2H++ 2¢ 2H*+ 0.+ 2e"—H:0

2R H: + , 02— H:0

1.1.6 PEFC O @h{EJFFE 7

1.1.3 BE#&ESFiRHERPEFC)DF L
1.1.3.1 FAME &

PEFC 13557 1 MBI 0 i 1 |2 TR & 7 2 Al g 23848 S L7254 (CCM: Catalyst
Coated Membrane)7’, —xf® 4 A JLHkJE(GDL: Gas Diffusion Layer)iZ X - CTHeFF S vz
EEAMEE S R(MEA: Membrane Electrode Assembly) &, FEM IS A & H#E9 5720
DFEEAT DL —2hbRENS. ZhEEELEN) ., BE L2 BESICTEE LTz
SR EZ A S vy 7 &), M 1.1.7TIZPEFC A% v 7 OREE%, [X1.1.812 MEA OWrifif#
WrETnEhRT.

EIRENL, 71 b ARENEHIRAY « AL TR ANE, T AN T M & ORREN BRI
no. BUROEMERIT, IMEShD L& TRmWnWre b AREEE BT 2500, VAT
DTIMEER D UEEL 72 5720, T X MR ENDER L 2> TWD. ZD72, ARRKRED
EINREFIC BN T EWn T e b AREM LR T 5 EMEEORBE N EE L > TN D.
B2, BEOVEZ DO ESE LT T, JBEHZELSTLHT ERALLNTNS.
TR KV AERKDILH ZRESE D Z L0, BEORNTOWMMZIETIEL LN TE
D03, MAVE, ML ONT U ARRETH D, — 5T, WA S D RS T A DidE



W7 v R — 7 F7E 7 m AA— "), BREEMOFEEOFELETEIELZ L0, K
WIZIHB W TE L O @m Vs bk R 2 Ak UEMERZ Sb S EHERICR D Z E0NHL
NTWb. 207w, 7a by LIEHIWEREME IR T S 28RN H 5. gk
WTiE, 7/ — FTX1.1.D) D kFERRL)SHOR: Hydrogen Oxidation Reaction)?y, %
Vv — R TH(1.1.2DfEFEE TG (ORR: Oxygen Reduction Reaction) 3179 5. KIGE
MaERELT L0, MEDORISEREZ FTREZRR Y KRE L, RISWE DI HH S
NOMEEEL T HZENEETHD. 2D, BB @O T — R R & il &
L, & ORI AR T 2 & o B R U2l Es 0 —R &, 7'e b AREM 2R 5
T2 DEME(T A A/ ~—, lonomer) ) HAERL S 4L, B R H AR DRIk % ek
TOHODLIEMEZE AT S, GDL X, il &R HEOEF, RISHTARLERKDR
DEY Z MR CTED 2 ENERIND. WF, D—R 77 A4 =28k L TER—IND
=R = RX=% e L, h—ARpirE2RY T b7 7t rxF L (PTFE) & RA
L CEM EICEfE R S5 ZFUE E (MPL: Micro Porous Layer) & 2> Bk X415 . K
DOHEH ZEET 272012, L PTFE THAKILIHIND DR —KIITH S, B/ L—
21X, BEERE, ST ARLHEKOBAEDT-D DR, T OBk EOMSREN TR X
N5, —fRICIE, B—RrRofEmME 2 D THE S, MEA L8l LEEZITH VT
e T ABEERE A A T DM NRIT 6N TWD. AX v 7 ZiERkd 5 EClE, EEEK
ZENRE T DO DENEARENS, RNELBZ BTN T 5 72D O @O BREM:,
MEA O itz A 0NIE R T 2 72O O RUGH A OB — A5 ER RO S 508, BEtk ot
NU—Z O AZDERL, MENG X DI EOEE O EDE I G E R I
5.

A

% 1.1.7 PEFC 2 & v 7 O 8

7/—K Hhy—K
. EfEE_ 0
GDL GDL
—— fliE | AR —
HE# MPL \ MPL  E#

X 1.1.8 FEEMmEE S IRMEA) O Wi



1.1.3.2 JE/EMAHE

1.1.9 |2 PEFC 8y 7o Bt (R ) -BIEG-VFrE 2R 3. B 3 Eiia K
KT5EL, HoNLBEECEAVEENIFAREELE NG TT 5. Zik, & EA-(Rs
FNTFE, L%FEWiﬂé?éﬁ%%ﬂ‘*ﬁi’ﬁﬁﬁﬁj(ﬁ‘éf:&f@&)é FEELE L TT
7/ —RIiZHF 5 HOR o0 V— RiZ TéOmR%ﬁﬁéﬁét®@ F%%%@ML

£), 7 b RNEME T AL SN DBEOBRIIC X2 BERES, BRI —AR R E
@%ﬁﬁ%,Gm;%ﬁAV%ﬁ%%Léﬂé%®ﬁﬁ_iéﬁEE%dmdﬁﬂ ZzL<
BIARE g o TL 2D LERENIIR ) O ROSHWE O KA R L, TSI L 5K
JISE OREAR TN T 2 2 LICER T 2 EERAGREEETL)NZ T HD. 2O,
SEEER & LT, 7/ — ROBREHIZ (bR FE(COIPIRAT D L 5 2354, CO Al

g L3 L < BliERE 2K T &4, @ A& CI3IEE I WS Thd 5 HOR OTEME
LBBEZKRES LCLEY Z DML TN D, £, [KEREEERICBW T, MRz
BWTnH ANEMRE A Hi#(7 0 A4 —s3—, Crossover)T 5 Z &0, HEA BN
FiAET 5 2 L TRMNTOREBERSEML TLE S (BVEEME T 2)BL N BT
HZERDHD.

Cell voltage
Electromotive force (EMF)

L Cathode activation overpotential

Anode activation overpotential
Ohmic loss

Cathode concentration overpotential

Current density

1.1.9 PEFC OB HE L) -BIEFFIER] & BEHR KR OWNIROBEE

P T, BREFVEMORREMREGV MR 2 M FS ¥ A57-0121%, FEAOERER S
D, 22T, IEHEREBEDOREWE Y —RIZERT 5L, ORR OKIGERIT A
11D TRTLENTES.

BnF
i=i S[Conexp( T j (1.1.7)




LIF, FEEARBROERET# 2 XA LSO CTREEIZR R 5.
@ ORR TEMEAb & O
ORR IGMEALIE BEE OARI & 1%, IEPELIBEEN /N E TH(RILTH)REeE
WAL ND LT HENIZETHD. 2O LI, AT OO RS HEE

(AETEPE) O] BIchZe 7. 2ok LY, RMEREE 2m L5

ZL, fERSHES ZMAIEDH L THD. FIFITASEEED &3 Dl
MEHZ X 28E DRIt S D, BE B A EZ 0T 2 L THERT 2 2 &0
TEDHOD, R ORI 27 ¥ = WEEICRE SN D L9 ITIGICFH S L
PR R - PN R OO IR - 2 98 S 97 2 & TR AV SO 2R AR A B0 E D #
BRI INT WD, Fio, WaEWE & MHE 5 R~ K SIZ B G LiaWilsg
WEZBOTZ b, FEHNRMSRABEZERISELZ LIZoRn 5. FEE L
T, EERIC K DB A 7 M L AESE o MEH L CTLE S Z&&EICK
0, UIOEERGELNRL D I ENFET LN, KERMELR->TNS.
@ F— LHE ORI
ROSERNL, BOGEHED 2 72D OIEMALIREEN 2 K& < 75 (B VEFIFET
T5)Z L THREBENIC ERS TS, Lo Lainberotr—rERnkEnd, kil
BABEK TN TEERREEL, BONHABENMETFLTLE Y. EWOB
k5 A—2BORAERE LTE, Fu b L EFOEREICERT L%
Foisd., A—2H1E, B EAREEROIRPUC ST 5. FIBERO IR
H RO & St BRI LB L, [EROBIERIC K BT 5. 7 a k3R
\CEMENEBEIL, 7/ — RN S EMER, = L Th Y — RN~
ERBETD. Wo T, ERFarR—xr bEEELT S LR, N OB
O REENSEL 2 L, EBMEMEORRIZ X 2EIURHA G2 TH 2.
78 R ATANVR CBERORERE EZRIEIND LEZ LN TWDL 2 Lnnb, &
REMEI D AV ERILREE 2 FRSEH LT F U mEEER ESEDL D
EINTED. —J, T/ — NN THREL72E 1, U —R 7 S ofifak,
MPL, GDL #A4t, &L —4 288 L CHMSaM CiFEs L, 7/ — FOoMoRk
A L CH Y — MRS, MEIAE X D 2 ERER LR NTH Z L TH A
DAayR—Ry MIBITLIEFEEZR ESEL 2 LT TR, arR—xr
N OBRRHIAZ KT 2 2 L b AN TH L. 2D OB E LTE, EAOfM/
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2.1.2.1. MEA OfFE#H
ARRFHZ B W THW - MEA OIS 2 X 2.2.1 |2, EEAEZEE% Table 2.1 (2”7, &
Y — RIZB 2 A&BBEO RS 2 MO MEA Z{ER L7=. fiflfA > 7 1% Pt/C filit
(TEC10E50E, 46.1% H4 R, TKK #) & 7 1 4/ <43tk (D2020, 1000EW,
DuPont )% UC(T A A/ ~, H—RUEEH)M 0.9, K/7T/La2—/L(NPA) 6/4 @?ﬁﬁ
ERDBEDITRAL, HoRIE L. BWMOMBLEIL, FIEOREREO~ AV &%
TeAZ V=27 ) o2 =280 PTFE > — b RIZER L7-. 1%?%@7k%°ﬁ%é/@ﬁi%+ﬁﬁ&
DERS 72l, T b ofitiifg s — N &2 (130°C, 30min.) L7z, VLB O B A
v— NEED LBARRTO PTFE > — FOEEZ £ L5 < 2 & CRlultfE o BAm & &% H
L, A7 hOEMEIOERL LY ASHEEL AL -7, 7/ — RfikgIcBI L <
1%, BRI 27 2 RWTC, A4eHEFEE 0.35mgem?2 & Limb DL L, WiEE BHFET
fhREE L=, 2 b ofitE 2 72mm X 72mm ([ZUIWr L 72 B IE(Nafion®NR211,
DuPont #) EDOffiflic A v F 7L 2(150°C, 10min., 0.8MPa)iZ L W 855 L7=. FEEEEIT
10cm2(50mm X 20mm) & L7=. GDLIZB L Tix, PHI—HR> 77 v 7 L PTFE 25k
% MPL(Micro Porous Layer) 384 S #1172 iflik GDL ¢ 24BC(SGL #) %3 _XTpD 7T / —
R L7z, 7Y — FIZiZ MPL © 7205 — R > ~2—3—(TGP-H-060, L)% ff ]
L7z, 2ol e LT, MPL OYEZEFAENAEE &t 45 Z &V iE SN TR Y,
B9 2 il N OSBRI O A A i LB SN 72 5720 Th 5.
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Table 2.1 MEA Specifications

Anode Cathode
Catalyst Pt/C (TEC10E50E, TKK)
Platinum loading
/ mg-Pt em? 0.35 0.12 0.35
TIonomer Nafion® D2020 (1000EW, DuPont)
Tonomer carbon weight ratio 0.9
Active area / cm? 10
Membrane Nafion® NR211 (DuPont)
GDL 24BC (SGL) TGP-H-060 (Toray)

2.1.2.2. iz

AR A= 3l L OIS 2 [ 2.1.2 1279, 1ERL L7 MEA % EAVH O %
BRI =R R =TT LBV E L2, 7/ — R, Y — FERICHE-HET
1.0X0.6mm(E X % X), 1.0mm() 7HE) & L. HAO—ZiEv ) ar I L®oH
Ay MRV, mEREERC VA —L, Eh 7 AV AE)EHNT, Wiho'L
WCBWTHIFIE—EAMPa) £ 725 L OB L. Eizh o /WEE = F7L— kL
WCRE LTI N—b—& L, BN —Z IR ONTBENSOMRHIREIC I D EB L.
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2.1.2.3. HEHEE J ONHER S

AWFNCIIT HAELERE O 2 2.1.3 12, BRALFEEORIESLE & -V HIE DRI
ERM%, ZZHh Table2.2, Table2.3 127 d. s d7 / — T ACKR) LY —
R 2, 285, ZRANEENL, vA7e—ar ha—J Ik 0EE L. e
ZDINET, ShEL HIIAT TROIMEGEZEN L, 'REISHE LTAT 7 NOHIKIE
FEREET 5 2 & CHXHBE 2SI U7z, IE S A7z B A oK D86 L7en & 91,
REICZTV AR e =2 —ZREL, TAREZEHLZ. ALY T ERITIMTA
WEASEIC LV HE L7z, e OBESIEERIEZE S 288121, AT 2% v FMHZ-
5000, Jb=FE TR < B Mg (Frequency Response Analyzer, FRA5010, = X T
ZEEEREN T m y V) AR L. 1V MERE A TE T 2 BRI IR IR PR R D) &2 A v
T, @A VEPIHFR, 1kHz) & #1E L7-.

HamcB VTR L 918, ARFHCB O T ASBEEN i-V HiIcE 2 2 8IcHE
B3 2720, FERAMICITEZE2EER/ T A —% Th 5 SR(Stoichiometric ratio)fif & X
VD TR (s T A P 2 R )R E L 7o — 3542 L. ZAUC X 0 3Em NI
BN THEEN OS4SR, FHXHRECER AT 2B fvMETE, B
SOMRERCTHZENAREE 22D, £z, KIMBSRMICCTHEEET 5 &, #BE
BIROBNNZ > TEMEOE/KENML, v b UK T2 mTeErERH v
BGNEH LT 2 ER S 5. [FERIZ, SIS 3 TR AERK OEEE O 52283 51
b % 2 & TRIEE NSRS T 2L TP REIC 2 5 IeErH 5. bzl
T, WA~OHIE T A OFFHEE %2 90%RH (Z5%E L CHIE & Fhi L7=.

MFC
H, Humidifier (bubbler) Anode
: I 6—) Out
Cell
| I 6—> Out
Cathode Pressure control valve

Cold trap
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Table 2.2 Operating conditions of CV and EIS measurements
Cell temperature 353 K
Gas [Anode(Reference)] Hs / [Cathode(Working)] Na
[Anode(Reference)] 0.5 NL min.1/
[Cathode(Working)] 0.0(CV), 0.5(EIS) NL min.!
Humidity 90 %RH

Back pressure Ambient

Gas flow rate

Table 2.3 Operating conditions of 1-V measurements

Cell temperature 353 K
Gas [Anode] Hs / [Cathode] Air, O2
Gas flow rate [Anode] 4.0 NL min.! / [Cathode] 15.0 NL min.!
Humidity 90 %RH
Back pressure Ambient
Current direction Cathodic

HEHFFEOR R DGO~ 7 v etz & T 572010, BXULFRHFEE Wz
M AEm L=, £9, A2V v R A R (Cyclic voltammetry, CV) % i
L, B—=ROV A7V I RVEET T LERE L. CVHIEICRBIT 2 ENNEEDH
TERN % Table2.4 (R T. WY —T 4 v 7 AL =7 (B HR~OBAAEERFICIBNT,
ALY 720 o7 v N SRR b B g O R & KB AR
(Hydrogen evolution reaction, HER)&E it & 72 L 5|\ e B A DT 52 & T, #7712 K
VW BMEA RN L. WRICASR O SmEEO 7 1 b s B RO E
210pCem2-Pt Thrd % 2 & C, BN O ASREE(Z 7R A7 77 4,
Roughness factor) ZH [ L7z. Z ZCCV MIERFOE/LORMENE FFDHZ & T, 7'r
~oWEERZ LS < 35720, CVRIERIIENGA~D T A G251 L7=. PEFC
WZBWTIET / — R OKRBENEMREE L RS 5720, ZOBECX D B VEELZET
SHDHZLNTED. ok, ARFNIRWTE, FREOMEL 7 2 W THeHEEL
FEILCWD728, AEHBEL T 7R AT 7 7 A RERFIOBEBRE > TVDHITTTH
5. - 7T, CVOREREN D BSHEFFEOMXIERLMmT 22 N TE 5.

A v =4 AHE (Electrochemical Impedance Spectroscopy, EIS) DS % [X]
2.1.412, MESRM%Z Table2.5 (IZZNE/RT. FMEEK A Z LIk Y, BRERES
DA — L EfENO 7 v b R A A~ o7 a R UERED ETH D &
Bz oNDHID, LRLT D) OGNS 6. BIZ, HEMERKFOX v v X (ER



CHBRS DR BHELZENTE S, CVORER L FERC, AR R TR E D=
S, W—ARBICIEERAT 23T TH L0000, ZORRNS b AR RO MR Z
g2 LR TES.

Table 2.4 Operating parameters of CV measurements

Potential sweep rate 50 mV s1
Start potential 0.5V vs. RHE
Lower potential 0.04 or 0.02 V vs. RHE
Upper potential 0.9V vs. RHE
End potential 0.5 Vvs. RHE
Cycle number 3
0.16 T ; — T T a
1 1
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H* | | | 1 (H* rarrios current) : :
d'.l, o o G M B A
I 1
. [ T | I | -
i W ceednanadeans
ision Media/ 1 ]
«— Membrane oin— Catalyst Layer 40*‘7 Plate/Cable — : :
Figure 9. Equivalent circuit of a fuel cell under H,/N, operation represented H YT,
by a transmission line model for the porous electrode. ' . 4
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Table 2.5 Operating parameters of EIS measurements
Holding potential 05V
Start frequency 15 kHz

End frequency 0.1 Hz
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2T, NEKEOWEE, AlXEICKINEEICE s TRED T A—F, bidF—T7 =
AL, NIEREETHD.
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E A A
Tos | A V(Air)_0.35 A,
AV(Air)_0.12 A
*V(02) 0.35 A
*V(02) 0.12 A
04 L L L A
0.01 0.1 1 10 100

Actual current density / Acm-2-Pt

2.1.11 HE&FHEEYT-Y OEREBEICET X —7 272y b
T LIRE 80°C 90%RH K& TE



2.1.3.2. 7'v N ARE, EHREORE

EIS WIEIC L 0 @b, HERBERORRLY Y — FREEOF A F 2 78y ho
PR A X 2.1.12 12, FRHTIC £ 0 0B S AU BRPTR Y & AR RIS LT ey B L
FRERAR 2118 ICENZIURT. AT TIE, MEEBNO I —R y OBFREE
A5 <, AHREOFIE CRUEELE RO IEZ) 8L L T HIT & A SRER 2 A8
E LTz

FRAT Ok R, BAPEIERZ OO EFHBUCRRT 5 &5 2 5D Ry, EGK & D%
FICHB T D2I|PUEIL, AR B AT RERBNTIR OGN o7, —FF, =]
HHDAEEAN O T v b g & AE LT Ry MEICEI Ui, bR % L CE
WHIOBRIC S D Z L33 Tc. 2O &, fENO 7 v b iR A 7 A o
DR TH D 2 EERR LTV S, o T, REMHERICHOTIIEE L THAL,
BB IFIRN &3 2 10 (T A A/ ~in b A —R U REAFDD 70 b s
DT 1 b RGN ST S 2 E R TE S,

0.8

—0.35 mgcm-2

o
te)
T

—0.12 mgcm-2

o
~
T

Z;ng | ©hmem?
o
N

o
o
“

-0.2
0.0 0.2 0.4 0.6 0.8 1.0
Z,. | Ohmecm?

2.1.12 FA XA T a v kO R
T LIRE 80°C 90%RH K& TE



0.20
¢ Rohmic ohmcm2
~ 0.15 A Rionic ohmcm2
g y = 0.3153x
= R2=0.9866
ey
° A
-§0.10 -~
2
2 *
£
s *
X 0.05
A
0.00 & . . . . . .
0 0.1 0.2 0.3 0.4

Pt loading / mgcm-?

2.1.13 HAHEREICT 2 FRUITE O 21k
LR 80°C 90%RH K&JE

2.1.3.3. MRFRHIE DR
(4 2.1.6 L3RR D, FAGHEREIZBO THIFRSR LS O 1-V MRe)s b 225G 0 1-V M
BBAZLSETHI LT, BESEDEWZLHRERELD FAREZESOICAEDL D
ZENTXD. 2.1.14 IZHHEHEFRICK T 5F B?Z BEEED FAAE i U7k R A2 =
. 1L.0Aem?2 BEE TIIHTFOEWVNIH D H DD, ZEFAFOREMELE AR TH-72
W2 LT, FNLLEOEBEREESIZE VN TIE, 0.12mgem2 DHAD LD, ERRN KX
<Tgolz, REIZBWTIIIGHER Y72 OBEREL LR L TEY, £ %O MEA L C[FfE
DFHY—FR GDL W T4 Z &b, filliERmm (il E-GDL ftmicis i T
IFELWEEBZOND. £, BREESY / — LRI OWTHEHE LS D ZHN TN
HZEMD, BREERITH Y — Mg BeHfFRICERTLE/HETLHI ENTED.



0.3

*
¢ 0.35 mgcm-2
> .
3 ¢0.12 mgcm-2
[&]
S 0.2 ¢
()
5 *
=
©
*
o *
£ .
S * o
0.1 . .
o 0
* *
X *
P 4 *
00 L L L Il L L L L Il L L L L Il L L L L Il
0.0 0.5 1.0 1.5 2.0

Current density / Acm2

X 2.1.14 YV — NS T A 22 2 - ([l FE > 22 K5)BsD & VBT 7%
[Ho/(Air or O2)] /LR 80°C 90%RH K&JE

2.1.4. R
RIEIZHBNTIEH Y — LaﬁmﬁgmﬁﬁéwmA%%m11Vﬁ%,%ﬁm%ﬁr
FEL, BV — FASHEFEOIEBNAKEIREIC S 2 58852 ERIICHE L. 208

E, LOAcm2 LN FOEMBERICB VT, ASHEEFEOIKEIC LV A4 ER
LRI IME T I 5720, £OmEBAE NI CIOnEROIE TR ROND Z L3y
Mofe. LLARRGL, X EWEREEBIZEWTIE, EREAERICNA T, AefHirE
DIRTIC L D ENVEEDIR TRBEICRD 2 ENghole. EREHTICEY, 7'a ki
DAL E O JE A G L‘L“C(ﬁﬂiﬁi)%b‘i%< RAHZE)TIRF L= & gmotz. —JF
HERmOBFESER TICERT 2REMRELIT AT 20830 0o7-. LLAERRD
FRRERIZT T, FEEROFEREIC Té%ﬁ% BHICRBED 2 Z LIETE TR

>, MEA, ¥RZH Y — RHNO T 1 b g RO R s iy i-V R 5 2 55
BUICEAT oM AT LT 22 EDRETHD.
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22. BEBEBFEXERBL-BOCILEERETICETSERETILER
22.1. #E

H BB EAE S TR BB Y AT A0 2 A N T 5120, BREFEIA 7« 7%
JRDMEER AN SN DM a2 MR RT 5 Z &0, A EE L, BihatkE RS
FOLRPLIEEIRD . FZ, ASMESREIERA X v 7 O a X MG 2 58RI
ICREWZ & 1830, Y — NI DL T D AR & ORI IR~ & EE
REO—DOThHDHEZEZLNTNWD. TOFKO—2L LT, KISHEYT- Y O AL
BOFAE(ASHEFR)ZHO T ENENTH D, —J TER S D HERESCIANE &3
737D, B Y — M EICIIZ &0 Q&R B L S TE -,

ATEIZBWT, ASHEFREOERICH: O mERE ERIC BT 2 8HE et VBT T &
WA 2121%, A E N ORISR T 2 MmN NETH D Z L2 RE L
ARIEIZHRNTIE, BT VE AWM L D AR E A KR L 72O VEBEIK T A 5
S ALY S.

BV — RN O EEEZ WS T-TT UL, TRETEERE SN TG 412, &
JR & 12030 Y — Mg O R S F I OEEREgEET v b UEEE T TR, AeB ko
Az X AgEE TUG(ORR, Oxygen Reduction Reaction) DFHLEIZSWTHEE LT
MEA B & F MO 5 —IkIeE T V& T it 2 5 L, He/O2 G 123817 2 8 dEMERE
B o3AT % T Uiz, ATEIZEBW T, BIEIZB O TR DIV ERITAS, RORmEN O 5y
i 2K L MEA [ & FAO—RTEOHGIBOFHL L7 b DO TH L Z & D, HiEET
Nl R_R—=2 L LTeit e T Va2 L L L

— 5T, D 131%, Baker b M4AESE L7 ORR (R EGE 2 H 7= BB s HC BT AT
%, flEIE N OBEFEEEIUICIET 5 2 & T, AAERFROERIC X 0 flEEE o 7ot
DOBRFEERIIN ERT5 Z L 2WE L. B, B0 ZELh %2R S G ETd
DB OERFEIEIRIT L, T 20D AR IZAD O BEFRREIKT 2 MAd b e T 1
F v, ERiE O R OBEFEEERTT LA A RT L ZENRETH D Z L ARG L
7-.

AEIZBWTIE, ZN0ONTTERZ EfiET v~ L, AR ZIKE LIZED
VB TOFERF L5 ET S22 L2 HBYE Lz,



222. ETILHE

RKETNVOMEAX 2.2.1 |Z/RF. AJEHEIL Transmission line equivalent model & -
I3, de Levield IZ X > TIRBENTZET /MZESNTND.

BRFHE U OV TIL, E 0 AP G S 7o ikSR Y GDL WO 22L& it Uik
15 e 25 T (b8 f8 /GDL R mIC 2T 2 £ COEMAEBIET 5. Mg N OB RSt
WTUE, WA ORFHIE ST, ZIRZEADNE 2 216 o3 21RO F1E
HERTDH. ZI2TC, MEENICKT 2EDFIL, HEZ RN S ERE T A~
EEN, FOZEILRDAAN DI (Molecular diffusion)<° 7 X —+ YL (Knudsen
diffusion)fff 1 C IRZEILF 2B SN DO LB X LD 1617, (R IEHIZET 5
L, FEAEDERSTIE, R R ORI 7R ZE LR R, IR - oD JE B A 1%
BLCWDETAL ) vROBAKEBRTHHDEEZOND. D OBERHILBEIZE
TlE, EARPEIIRTL, @50 N Ok TN Ok L0 & IRHENE L
SHETTDHEBEZLNDZ E0D, TIRZEANOEESFERHEEGUC K LT, BRRmERi
DAFAENR LV BAEAL LT D ATRBMED B 5 .

Tu bAZOWTE, BARICE VI SND EEZOND. ZITT ) — Mgk
JE, EIRENENS T Y — N~ BDREED O B, RBREHIIBWTIXT / — Ribi)E
L EMEMRORBITES Lz, 7 — NI 5 HOR IZIFEFEITHWKIL TH D Z
LD, 1ZEAEDKISERNDEMEBLIFIZEFRT L WD EEZONDTED, T/ — R
N O 7 0 R RO BB NS W E TR END Z L, FREMERL IR free
W CikEma B L CW A7 DBET 5 ENAETHLINLTHD. Ya b gy —1R
BB W T OB A W e N O EMRE (T A 4/ <)% GDL i~k Ind. fEo
T, ERFmOTa b AARRPEL, ERENOEMARGEMOM LT D LEEZ
bis.

FEEEORIZEB N TE, BITEMKSCREEUC X DWEMEOBLER B Z LN DM, AR
BT EREE R B R T 5 2 & T, MENORIS A MPRESND D EEZEZ B
5. oM, AEIZTHHT2ET VOREL FRellrTd.

fib g N O (B A, S, 7 A A4 v AR & Jimic ¥ —Macro
homogeneous) T& 5.

FOGZ & 258, AEROKIZ X D EEEOZ T B RE L.

T DT GDL WO FEIEEIIcE £ 5.

Wet 51, D OIREIEEIZBWVTIX ORR IO BO LD IEHTH Y, BFE
7'a b ORI R T D AN O SOS O ITER TE 2 2 &5, iR free /VE
J£ 0.9V 12k 1) 5L ORR {EMH AL CTH 5.



RO2 ,CCL—macro

Pore an
\‘ \‘ V O2
'\
% % % % % ROZ,CCL—micro
=~
RORR
eI AL 1 2
lonomer
O QNQ)
Membrane CCL GDL

X 2.2.1 fillfg N O 5 — R oeE T L OREEY

7B, ERFRERBIO KERMEAT -, A AFEREN O R HTOr IEEEH) X GDL N
DOEEFEEEEIUCE END & L. FRRIZ, b LT 7TIBDN D5 OB
WL THEBHESRTWE b0 & LTz,

LIF, BT VOFEMIZOWTIERS. £9, ORR OEKGIE NI TERIND.

0,+4H" +4e” ->2H,0 (2.2.1)
52 ORR O ENLIL TRt v/l A hORIZ , RSP L IRSCIR TR DR B O B4
L TEz6NA.
a
E—g° 4+ R e (2.2.2)
nF  a,,

2T, B i R(2.2.1) o EHEEMENL(1.229V at 25°C), R ITXMAES(8.3144 J mol-

K, TIHRE, n3OSETHR, Fix7 7 77 —iE096485 C mol), ag ,a,,ldLi

FIBR(Z Z TIEEHR) LB R Z TIIAKDEETH L. WE, 2TOEFTICE N
T, FRRBMEAE D L.

Ie +i,. =1 (2.2.3)

ZIT, I BAPTOEHSERNOER, 1 ZR»TOT e b ABEERNOER, £ L



TIEARNTOLEEBHRTH 5.
JEEFmoM/NMERdX 2 E 2 S L, BT o M BOEBEROSLY B 2B W T,
di .,
d'ez— H =—d'r (2.2.4)
dx dx dx

MO, 22T, | AEX= O(FEfRERL L 1 v — Nt Fim) 2> & X = L (k)= 5 2)
1215 ORR O&FE {)luf&)é BAAREARNCT 7 b ARERN T A — 202558 D
MODT, FiAngEons.

iy __1dd (2.2.5)
r, dx
. 1 dg..
L =— 2.2.6)
' r, dx (

H

22T, 4,0, BENTRESRERE 0 D AREEROEN, 1,1 3TN EAR

BAKL T 0 b AREARD W O mERE T (ﬁﬁ"ii@i@ﬁﬁét@)’%%ff
B & BRI RITFM T 2000, 1,137 4 v 7 OIEANZE- T,

dc
i, =nF 1 o,
dx

rOz,macro

(2.2.7)

1 dpo,
Ho, dx

=nkF

I’-02 ,macro

EREND. DT, Ty o FEALE O I ZEFLIP OREIEEGT,  Ho (R0 D B4

RILTEDOT A F )~ RWIK B R DR T DEEO RNT O~ —ERTHD.

ORR DO ERRIE, — %A b T —-RL~—=A(B-V X, Butler-Volmer equation)iZ
TRILEND. Markovic b 8 OIRET 2 HE&REOMBAIHER L EE LTz B-VAE2E
AT DHZET, i OBAIEARY7- 0 O ORR OGEMITRAICTRT LN TE

%.
di=i E(1—(9)X Co, exp[BnF jexp(ycej (2.2.8)
L o RT RT

0,

ZZC, iyl ORR ORMAEHANE, S IXERULANIED R ALREH, 01ZARRIL

MOPFER, X IFHABERICET D MIEES, Co IXAGRMICHIT DML,



Co, /ULy BSRIRIE, B &y RBUSOMFE, 2 LTLET A% /85 A—4 (Temkin

parameter)19 T 5. iﬁ(Z.Z.S)EPOD%—ﬂﬁIEH ORR % —7 = )VIH, & “%HEEITA
SERRLMPREERETHZ LIk D, EEREICBIT 2IEH o V¥ —D B b ZF L
TV, BRI s S B/\ X ORR OUGH A & LTl & &2 E
5.

OGO EEIE, RAUZEIVHELND.

—(¢e -4 ) (2.2.9)

HA&REICBIT 2 A8 OWER ITEMEN OB TH Y, FiLo X 5 ICERM
\Zk7=. ORR &t & ODXBIEELHIZT Hew, ERFEHKHPITBWCEME -V HllE &
SRR L, BT HR~EMEER Y v B ) SEBEOEREREYT 52 &

T, B&BYOEEMNEZRDZ. B, BEBIYORRIT TR TEINSD
EIGEL, 420pCem2-Pt I ThRT 5 2 & CHERmEAHF M L7,
Pt+H,O — PtO+2H" +2e” (2.2.10)

WoT, CVHIBIZE Y H@DT 7R AT 7 7 Z (A& DD I WREF) 15O
NTNDLZ b, %ﬁ%#%ﬁﬁﬁ‘é EMTED. AFHIBWTIL, Y — N&ENIC
X9 5 BB OWERIEND 7 4 v T 4 v TRQ2.21DERD, ET VA T v R L
7-.

Osoc roomsrn = —24.08-E° +60.15-E* ~46.71-E+11.58 (0.6V < EvsRHE <1.0V)

Osoc 1o =0 (Evs.RHE<0.6V)
(2.2.11)
EFVREICIT BEER &M & TR R
=0, i.=i, i,=0 (x=0) (2.2.12)
i =i, i, =0 i =i, C, =C&* (x=L) (2.2.13)
22T, CS°IlE R E(GDL & O REICH I HHEFIRE TH 5.
o, BV — NEEEEO AT OB, FRRICTRT LN TE 5.
Ece =4 — 4, (2.2.14)

TIT, gh kg, R EMEERE (GDL & O REIC BT 5 E HEEE, RO

M AREROBEN TH S,



223. RERRRUEER
2.2.3.1. ERET V& W EZBREE R & o ik

H Y — RESHEEFEO RS MEA % W= -V HEEElIE 2B 3 2 HEBRE L ko€ T
M K DFHEER O AKX 2.2.2 12573 F. £, FHRATA—Z ANEO—E%
Table2.6 |Z77". H4fHE & 0.35mgem 2 (2351 2 il A (a5t 0 BB BY LTI,
FMERSHET LI ENTE. RIS, REREERICH T HHRA RS T 572D,
A —T T ay xR 223 T. BT AFERIC AR 0.35mgem 2 (12F51F 5
0.9V(R free) D FEFRMEIZE S KO i, DEE 7 4 v T 4 735 2L T, BaHFFEOK
WIZ LV BT o ORRIEHEEIRNME T T 2HR A BHRT L N TE . —FH CamER
BRI 513 L, ERE L ETVICRDEEMERDRET SERE o7, FrlZ, A4
BEAEELZBA0FN, SEREEICBT ZBEER TR SRR L o7, 2
DHERE LT, RET /B TR 038 < 722 213 EALE o [T O/ E ik
PRSI BT DR EMRDZENFETOND. el RICH L CTHEEXRICERT 51
IVEIEOBRE RFED >R A2 K 2.2.4 12787, A&MEFE 0.12mgem2 D5 O (il
JEAHN TS, PEEEICRR T AEEHEAME T Lz, Lo LR s, RS iR
ITEBRAEREZFHET 5N TETWARY., o TEHAED BoREZEHA L, AR
AR D & BN O B OBRSEEE I LR 2858, b LIRSy 1) il
J& D ZIRZEFLDN D FAARENCIADN O BEO IR Z ZE L IETA~NEWURT L2 L8
NThHDHETRINS.

1.0
>
>~ 08 z
S | P --e--IytIc?
8
©
Z
Q 06 A V(A!r)_0.35 i A
g A V(Air)_0.12 R A
= ¢ V(02) 0.35
= * V(02) 0.12 A
0.4 } —Cal.V(Air)_0.35 A
——Cal.V(Air)_0.12
- ----Cal.v(02)_0.35
----Cal.v(02) 0.12
0.2 I I I I Il I I I I Il I I I I Il I I I I Il
0.0 0.5 1.0 15 2.0

Current density / Acm-?

X 2.2.2 1-V PERE D EER A & 1E3kE T M K 5 EHE SR O ik [He/(Air or O2)]
T LIRE 80°C 90%RH K& TE



Table 2.6 Input parameters

Gas constant

Faraday’s constant

Cell temperature

Equilibrium electrode potential

Bulk oxygen concentration

Symmetry factor

Number of platinum site occupied by oxide

Platinum loading

Platinum surface area

Effective proton transport resistance

Effective oxygen diffusion coefficient in pores

of CCL
CCL thickness

Oxygen transport resistance of GDL13

Exchange current density (fitted)

Temkin parameter (fitted)

R =8.314 J moll K1
F=96485 C mol!

T=353K

E, =1.178V (02

E,, = 1167V (Air)

c; = 2.0 X 106 mol ecm™3 (O9)

c, =4.2x10%mol cm? (Air)

B,y =0.5

x =1

0.12 mg cm'2 0.35 mg cm2

S =59 cm? cm2 S =192 cm2cm?

Ronc =0.020@em?  Rigye =0.112 @ em?

ff
Dg =1.5%x102cm2s?
2
L =38 pm L =110 pm
ROZ,GDL =0.525 s cm™ ROZ,GDL =0.510 scm™?

ly =8.90 x 105 A cm2-Pt (02)

ly =2.80 x 105 A cm™2-Pt (Air)

{ =15 kJ mol?




iR free cell voltage / V

2.2.4 WyEEEIZHEIKN T 5 B KO NER RS S [He/(Air or 02)]

1.0

0.8

| ——Cal.V(Air)_0.12

V(Air)_0.35
V(Air)_0.12
V(02)_0.35
V(02)_0.12
—Cal.V(Air)_0.35

* ¢ > >

----Cal.V(02)_0.35

0.4

----Cal.V(02)_0.12

0.001

293 X —T 2 L7y kO R [H/(Air or 02)]

100

(o)
o

60

N
o

Voltage loss at 1.0Acm=2/ mV
N
o

0.01

0.1 1

Current density / Acm-?

E/WREE 80°C 90%RH K&+

10

0On02,GDL
OnO2,CCL
| Onionic
O2 Air
| 7 A Y 7 A Y
0.35 0.12 0.35 0.12

Pt loading / mgcm-2

T LIRE 80°C 90%RH K% /E 1.0Acm:2



2.2.3.2. I AEEZE LIZET L~DOH R
HLQ2DTHELE L HIT, HEREF BV TIIASK R EOREH LI LTI ?
BRIRFEL 72> TWD EREL TV, ZOHE, BEREICBIT 5 RTOBREEIC
T EDHROBEFEELACNE L B2, HENEREEIC w@&#%%ﬁ#kbf@
EDENILR., Mo THRBRBEEICKBIT 2 B/LVELEDRES D EEN 5 TIERn-o
TeeZBZ ok, HEHO BORMREAEA L, KROERIKICZIIT 5BREREEI A EAT 5
&, RORERICL U TERREOIR T NEE IR 2HAAHRTE RN 5.
FAHEFREOKIC L 0 i E N E< 2d 2 L%, IBPET A2 AV TRSMICERE L
=M &X 2.2.5 (TR, fiEENELS 70D Z LT, [BEAITE O NN D &R
2, DR O LR T 5. #o THHE OO KNS L0, fiE N O A B OH
NS 5. K 2.2.6 ICHIEPLO KNS &5 BRIRPIE(L 2 5 BN EH L2 %27
7.

Membrane CL GDL

ROZ,CCL-macro

IR .

4 2.2.5 #EHUE T /WAT K 2 Ml AR £ B oD ARIRR (kRS oD SR 203t/ 1N) D AR

rO2 ,macro << RO2 Jlocal

RozccL /s m?

rO2 ,macro >> RO2 Jlocal

Pt loading / mgcm-2

X 2.2.6 fIRBLIEE 7 75 18 OHEHT & P IEARHTO RN K DA BRI L O RIS



KEEEHET V2 AT, g N O BRI O ZRFERICHT 270 v T 1 v
7% Kl LT AR 182X 2.2.7 1077, X225, X226 00fRTEDXH12, Rk
FREIRPTOFENBEE L LG ERZFE L T D, ARl v, A
FFEPMER 0.2mgem2 DL T & 725 &, JRPTIRR ARG A B La W & ERE R 2 Tl <

ERVATRENED 8 % Z £ 235370 % . Table 2.7 121X 2.2.7 B A ST Ry jocq (IILE
EERYTZ0D)DETIVANEERT.

Catalyst layer thickness / pm
0 2 4 6 8§ 10 12

BD T T T T T 1
—calculation
F"E 60 I ® experiment
114
— o a0
g
g 40 |
8
v
20
0

0 0.1 0.2 0.3 0.4
Pt-loading / mg em™

2.2.7 KRET N HEHWEERER~O 7 v 7 ¢ THER 18
T ILIRE 80°C 90%RH

Table 2.7 Input parameters

Micro oxygen transport resistance per total

R =0.323 s cm™! =0.104 s cm™!
CL thickness (fitted) Oy local Roz,local

FREMBFWMEES I B E T D L, MEEIE TR ORNCEIC BT 2 BT TS T
xKhbd.

dc
i, = nF—2 O

(2.2.15)
) r 0O, ,local dX

ZIT, o o AR HTIE 215 72 O OSYIHEER I 31T 2 SLAN T OREFR MRS (R T

FHEEH) TH 5.



B2, AURETMCENTIE, ORR OFZIREMABA) OBFERIC IV BT 52
& ROl N DR BRI A O AR BRI E s 2 LAk L, AeRb
Y DY BRI R HTIERBSAEIIC B E 52 5 LIE L. K228 1R T X2, 74
I = R~ DRI 3O ERET S &, B RN OBESHE AT
HEm b OWREREZ AT IR TERT I N TE 5.

r:O

0, local (2.2. 16)

r 0, ,local = (1_ e)

3

TIT 1 e REAREMOBEE O = 01255 5 RANT DS ORI T

=

BB, HoT, o gouEH Y — FOBRITK LTH 2.2.9 Ok 5 REHEZE FT 2 LT

5.
Rapparent
RO CCL micro O:;?L micro

Pt OXidE ™ —— — — — —— —

Platinum

X 2.2.8 HBRALY OHFEREZZRE L 1o AR R T 6 OB S fnk H T OB X

=
o

Normalized R o2,ccL-micro / -
N

05 06 07 08 09 10
Potential vs. RHE / V

2.2.9 BALIZKT D BT O R TS B Lo 2 b3
(05Vvs. RHE DL X% 1 27 5)



2.2.3.3. WRET VA AW -V YEREO T ISR

BV — RAGMHEFFREOR2 5 MEA O i-V RO ERE L, KR INZETLVEHAVE
TR A Heie U725 R A X 2.2.10 1073, A@BERFEZET 5 &, EXMHEREICITEE
MEEICBWTHEICELEMET L, /ERET O X D ITE/VELEDZENE N DM 2
RYZ ENE R o Te. MEBRMERHIEKIR L L TIERET L L RIBR A A 7L & vz,
F72, BaHHEE 0.35mgem2 OMEERMIAG SLM LMW T, SEREEHRICk T 5t
WVEBIEIEERERO ST MENFER &R oz, RETAFHEIZEBWTIE, RAEREEELIC
L0 NI@mREEEEIE AN TS, YETEICRB WU, ERUKOFEL T 5
T OIAREE T L CRIE % Sl (R E 7 A 2 W CHEME) L7z Z Enh, mEis e
I BRI E NS> GDL WO BREREHTNE L LAl S 5. LosLeii b,
RETNVOREIZBNCORLIEL DI, MRERGICT D720, FEITHE O ERUKOEEHE
(2 K DIRK DR BD R BIT IR Lz, AV TiE, EFtzZE#1E Unkown & L
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3.1.2.1 MEA OffE#
ABFHZBWTHWZ MEA OAMBIIE 21X 8.1.1 12, (EAREZE % Table 3.1 [Z7-7. K
BREHZIRWTIE, 7 A &/ < M E N ORI AT 52 2 BICER L. 20720,
3 — R — YKL H OBk AR ALK T 5 B R RO B A BRI D MR B S .
— R T HICEABEZIZTEALEAEIRVWEEZ LN D EMEMIEDY — K > (GC,
Graphitized carbon)” 7 v 7 # &AL L THWZ., I —RUAZRT 2 A& ERER
1% 46.8Ww% T o 7o, FTEDMAL & 72 5 K 5 (TR 7 — 7R o) itk (Milli-Q, Millipore),
TAF =ik, Ta—LEHEALREG L. WET -7 e A7 ra— L L KOE
EWEAN3:2 DL OB L. EREAKRAREQs DL, ikl s 25 K
MREHZBWTIE, EWEO R AFEOFIET A 4 ) ~(XA —BIER) ETROT A 4/~
T % Nafion® D2020(DuPont #)IZSWTHiEtE Elii L7=. 74 4/~ « I—R U EHEL
I/C) % 0.9 IZEHEL, EES(f v 7 REEIED DM —R o &7 A F ) ~HEE|
BIBN10%FEE L 72D L H T LT,

WIZAT L —RIC T LidA > 7 2 BAREM(NR211, DuPont, 25pm)IZK X fH1F, B Y —
Nt 2 ER L7=. 22T, REMITERELEZ DL TET A A/ 2Tk LT 4 K
D AL HERE A E L72(0.05, 0.12, 0.25, 0.35mgem™2, 20 {H4R). 7/ — FfiffiE 34



ToH MEA & bEMEREE L, 7Y — R EREO BRI — R (A0 BEFERIT
30w%), 7 A A/ ~1Z Nafion® D2020(I/C=1.3), 4 &E% 0.06mgem?2 & L7=LIAMT,
1V — Rk & REED PRI CTERL U7, A i GE B %)% 10cm2 & L7-.

Eitic X v &S5 CCM(Catalyst Coated Membrane) > GDL L #lAadbtHs 2 LT
MEA #%57-. 7/ — RIZB L QIXHIER G Tl 7= o, il s o MPL £ GDL(24BC, SGL
=R E L, B — RIZBEL T, T E, 5 F8cdE (GDL ), Knudsen JE# 3K
AR ) & KB LS & 912, MPL(EHEH A 7 = X ARA)72 L GDL & LT, #—=&
L R—=RDI(TGP-H-060, # LH, BKMHEZ L) A@EM L.

Membrane

Catalyst layer

72

50

72

3.1.1 MEA #M8ENE GHZEIX mm)

Table 3.1 MEA Specifications

Anode Cathode

Catalyst Pt/GC

Platinum loading
0.35 0.05 0.12 0.25 0.35
/ mg-Pt cm2
EW-1093
EW-990
Nafion® D2020

Ionomer EW-700

(1000EW, DuPont)
EW-557

Nafion® D2020 (1000EW, DuPont)

TIonomer carbon

) ) 1.3 0.9
weight ratio
Active area / cm? 10
Membrane Nafion® NR211 (DuPont)

GDL 24BC (SGL) TGP-H-060 (Toray)




3.1.2.2 FHmtEL

AR AW T3 L O 2 (X 3.1.2 1233, 1R L 72 MEA % BRI OO i 6 & 3%
e —Rrv R —XZ TR L L E LTz, 7/ — R, Y — FHIZRE-HEF 0.5
X 0.6mm(fE X EX), 0.5mm() ZHE) & Lz, HAD— iz ) ar I afo B A7
v MRV, BHEIEERT VA=, ELT7A AV LE)ERNT, WTho'ucE
WTHIEIE—FEAMPa) £ 725 L HWCEH L. Eish o/ VIRE T R L— |k RIC#R
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3.1.2.3 JELE J UNERRZRT:

R FRHEDORIESRME & -V EORERMZ, Th<h Tabled.2, Table3.3 /R
eI ns7 /) — R ACKFR) EH VY — KT AW, ER, BRHRBIENL, ~A 70—
L ha—Z 2 XV L7z, e A OINRIE, e b7 ZRoNRaEZ - L,
BRI L TAT TNOMKIREZ T 5 2 & CHANBEZHIE L7z, g Shi
oADK HIEERE LI K DT, BEEICIRY R e —F —&RE L, TAREZER L.
TANGEY BT ERIFINTAMEEIC LD HIE L7z, B 0ESEEREZ HIE T D B
i, A7 v+ A%y FHZ-5000, At3FE TR <0 JE B ECRPE 5 B #% (Frequency
Response Analyzer, FRA5010, =X = 7[RI et~7 v v 7 8) 2 H L7z, -V HEe% &
T2 BRI IR EEE ) 2 ¢, @AV RPI(HFR, 1kHz) & L7z, B WRE
X 80CITRRIE LTe. 3T o ¥ a =2 7 i#E#A(0.2~1.0Acm2 OFEFH T—EEH, MGy 2
100%RH, 12 Kifi]) % Fhtk, EHRFHEXK FTH Y — KD CV(Cyclic Voltammetry)iflliE,
EIS(Electrochemical Impedance Spectroscopy)ill & % Ffiti L7=. T 5H DOFERND A4
mAE, fiEANO 7 e N AREEE RS 7. £ D%, 1V HERERIE 2 50 Lz, ARGt
D iV EEREIZBWTIET A 4/~ EW 2 i-V HEEICHE X 2 BICEB T 5720, £



Jﬂﬂ’] IZEE /2 ER/NT A — % Th % SR(Stoichiometric ratio)fif Z & XA L (4G

AP A BENRE LG5 2#A Lz, 2 X 0 EEBrRmNICB W TRENO
7&14:/\15(@&??/&);, FEeH B R0 fﬂﬁ7J<)ZJ AT HHE L F/IMETE, RGO EL RS IC
THLIENAHELRD.

Table 3.2 Operating conditions of CV and EIS measurements

Cell temperature 353 K
Gas [Anode(Reference)] Hz / [Cathode(Working)] N
[Anode(Reference)] 0.5 NL min.1/
[Cathode(Working)] 0.0(CV), 0.5(EIS) NL min.!
Humidity 90 %RH

Back pressure Ambient

Gas flow rate

Table 3.3 Operating conditions of 1-V measurements

Cell temperature 353 K
Gas [Anode] Hs / [Cathode] Air, O2
Gas flow rate [Anode] 4.0 NL min.! / [Cathode] 15.0 NL min.!
Humidity 90 %RH
Back pressure Ambient
Current direction Cathodic

3.1.2.4 ORR FRAEHHIE

ORR [RAEWEOHIESRAM: % Table.3.4 12779, ORR BRAVEIHIEIZ DOV T H H AN
DL, KKK ENAT I/ M T 5728, KiftED 5 A(7 / — K 4NLmin.!, 5 Y —
R 8NLmin. ) % s U772 ¥ — 355 FC THHE L7z, G720 RH 13X 40% & 90%1Z T3
L7, 7/ — RIZIZ 100%DKFEH A, 71V — RIIXERIZ L /NIRRT 2(0.25%, 0.5%,
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Table 3.4 Operating conditions of ORR limiting current measurements
Cell temperature 353 K
[Anode] Hz /

Gas [Cathode] 0.25%, 0.5%, 1.0%, 1.5%0z (N2 diluted)
Gas flow rate [Anode] 4.0 NL min.? / [Cathode] 8.0 NL min.!
Humidity 40%RH, 90 %RH (Both side)
Back pressure Ambient, 25kPag, 50kPag, 100kPag
Scan voltage range OCV -0.1V
Scan direction Anodic & Cathodic

FRAERELI L, Y — FNOEBFERERGIAZ AT, i Fick OF—Allic TR
ns.
i|_ _ eff COGzC _ ngc

AF 0 e RTotaI (3.1.1

2o, P77 77—, DE 30 Y — RNOASEELEREE, C5C 13—
B AFERE T OBFRE, 8T 13 Y — RO A BRI, 2 L TR v —

RNOEMBHEERFTH D, 1o me‘ IZHE S N7 ORR [RAERBEL, 5T

BT OUAE T AP OMBBREDORRNORET HZ LN TESH. ZZTGDLARH Y —
%ﬁﬁﬁ%ﬁ@ﬁaf%k LTI, 7 X—t AR TR O A X F L TV D
EBEZOLNDN, WO ZEARZER L, AEENCEEZE LE<0.05pm)IZ B\ it 7
X —t LR, GDL WCEEZEARE>10pm)IZ B WIS TR XEL L TV D b 0 & f1E
L7z 46815, G5 T, # Y — NAORBRBRHEEGUIES RIS L CFRAUSTREAT L 2
EBTE D 15,

RI%™ = RO+ RYO™ 1 RS (3.1.2

=T, RYOP & RMONP 7 X i< GDL MRS, %3 & RSy T4 Tk
KB ERFRMEEIITH 0, ZHENARIERH] & RIEICRA LRV © BFSES

KEENIEDI) T B 5. EFRBEICHESNT, ReCRAELRITHBIT 2R 25



ROV AELBIC 26T, MATHICIRET 5 2 L N TE 5. RIELRICET 5 RIS

Roy i3, AMEREICIT BSHIEASMNTES 5 2 & Tz, #-T, Ro I3 Y — Rl

BN OZEFICIBIT D7 =1 AR E 7 A A )~ PWOKN ORI R SRR 2 i
FHREEIITHD L EZDH LN TE S 815,

3.1.3 /O —FETIVICEHMERERAOEREEER ORI FX

ARRFHT BT, g N o 2R AT O FPTEEEm s it 2 it 3 5 72912,
~/nd T NEEA L. RETAVERHWD &, il ZoOmBEIRmERTAE AV T
3.1.3 1277 % & 9 2% Af 0] (Transmission line mode) #MHE 45 Z ¢ N TE 5. ZnbD
B RSP R L i, —HIXEA S M OBREEET(7 X —2 VR TH Y, b
) —HITEE&REIZAN O RFTEEFREEIPL(EIZ T A 4 ~ Ok N O e 32 A fRE R

F) T s, FEOED, T 6 SOEGIIABIRITS S FOE S %72 0 O, oo

Bk semD e, EAERERS Y OEHL, ., CEA0IE 9 &% 4 £ L 72, ORR A

S

FELpoTWh e &, HBEEZMND VY — RN ORRERX L TR TRT LR T
5.

1 dZCgfhg__ 1

= CSote (3.1.3)
r-Oz,macro dX2 rOlz,local °
ZoLE, BERFMRT
dees
—| x=0 (3.1.4)
o (x=0)
Coto=c (x=L) (3.1.5)

22, ColtCikh v — RAMELE O “WZE LN OREFIE, L ixd Y — FAMERE O,

Z LT CS 1A 2 i (M FE & GDL DR EICH 1S HIRIRIE TH S, LoTh Y —

RAREERE N ORI ANA NRY v 7 2 oV = MEBE AW TRONXITTE ST Z Ln
TE 2.



1 dC§t| LGS tanhy

No, = =— (3.1.6)
rOz,macro dx Y=L r-Oz,local 4
ZZT,
=L rOz,macro
w=L |F—— (3.1.7)
rOz,local

it > T 3.1.3 13 S Afilml i o efg R AR HTE Tieic TR ah 2.

!

CCCL,S r w r
ccL _ Y0 __ '0,,local _ ’ O,,macro
ROz - Nzo2 - Ltzanhl// Y rOz,macrorOz,local coth L r£2,|0ca| (8.1.8)

ER T2 K DUy o NG, o P HRALITIRAR D720, K/NBAFRZ BT 5 2 LI T

v, 22 C BRSO BT 2 kR R 7 W O B R S 72 0 7 BRI 2 72 ) oL
~NEBET S 2 LT, aFmsitiie TRic TRy LR TED.

r macroL
RS;:L = \/rOZ,macroL(r(szJocm/L)COth ?2—
I’Oz,local/l—

R
= \/Roz,macroRé)z,loem Coth{ Cizymacro J

0, ,local

R!

O, ,local

R R
zJ%?ﬁ+R¢mm {—gﬂﬁﬁle (3.1.9)

> T, v 71 & RFTOBEREREEETIO R NEIRZ BT 2, b L <I13(3.1.9) 235
AIREMNARRRET 2 Z N FREL 72 5.

JR TR A IRETE,  FRREN(3.1.10) % FH VN T g [R5 05 18] O B R & 2472 D D HRHL)
DESEREMEY 72 OEPUHEAIT s ecm D)~ E BT D2 ENTE S,

Ro, ocal = 1o |oca|i (3.1.10)
“ z L
ZIT, SpldAY— Mg o HeREHMTH .

FEATICER LTI, £F, 274 4/ ~ 2 W TEBRINITEE O 7o Al PN o> 42 F ik
Tz AE&RERICG LTI ry b LIz, KBEFHIBW T, ol Y — Ptz FvT
WD ZEDD, il O L AEREEITEWICHFIBERICH S, T, B RO
WA A W TERRBE O VIEICH T2 74 v T 4 V2R T 52 LB TE S,
T4 T A TR RIEE V.



]
02
Pores roz ,macro

O
Membrane CCL GDL

v
x

% 3.1.3 Ll PN D — R TEREFR IS TE 7 /L OB

314 EBRRRUEER
3.1.4.1 i-V PEREH &k 5

ARFNZET D MEA 2 AW T, B Y — RIZZEK &t L CHlE L7z iV IERE 2 X 3.1.4
WRT. Y — FASHEFFREIT 0.35mgem? TH 5. FERAIRAME L7540 & LT 40%RH,
TR 72 56k & LT 90%RH D 77 A %45 % WfIfAs L 72k R A2 R LTz, EW OfRWT A A4
J e ROEMENEY, EEYTC OFKENEKRT D720, RSB TH e b AR
Eam ESEDLZENTEDE LTHIFFSN TV D, Ln LRy s, 40%RH O Ti
EW-990 2EW iV HREZ /R L7 b 0D, ZRLLTFO EW W iaa, mEiiE Ekic
BB NLVEEOKFREE Lo, —J, 90%RH OFMHICBNTIE, EWEAKL 72

HIEE VHEREME T T 2EMEZR L. ZHOFERND, fiMENOT A 4/~ EW
ENMEL 725 &, Fa b AREENE BT D00, EERE OIS, HoKOMF
TEMBAFEIZ /2 2 LHE SN DRI TIREENFEE L, BVEEMETLTWSA]
REMENEZ NS, LSRR A REET 57280, B Y — FICHRR 2 L CRlE Lz -V %

REZ [ 3.1.5 ITRT. Y — NIZZERE UG LI2GE L RERIS, fidefth & LT 40%RH,
MRS & LT 90%RH D W A % 4 % lfRIZHERG L7 R AR L7z



(a)

(b)

2 $
® $
$0.6 | L :
s |  HE N
=z L PR N
804 | eVv_EW-1003 LN ; * .,
V_EW-990 S $ . e,
*V_EW-700 $ ; .
02 $ s e
o V_EW-557 TR 4
*V_D2020
OO L L L L 1 L L L L 1 L L L L 1 L
0.0 0.5 1.0 15 2.0
Current density / Acm-2
1.0 f
0.8 \
]
-~ . $ $ e .
S MRS *3¢,
206 | . St ..
= P »
g . ¢ o ?
= . MR
004 | eV EW-1093 . i
*
V_EW-990 ¢
0o | ¢V-EWT00 .
' oV _EW-557
*V_D2020
00 L L L L 1 L L L L 1 L L L L 1 L
0.0 0.5 1.0 15 2.0

Current density / Acm-2

3.1.4 i-V MEREHIE 5 H[0.35mgem2, Ho/Air]
(a) 40%RH, (b) 90%RH
T LIRE 80°C 90%RH K& TE



1.
(@) O
0.8 \
y
z $ .
© $ $
0.6 | 23’3
s ¢ .
ke LRI I
804 | #V_EW-1093 MR
V_EW-990
oV _EW-700
0.2 -
*V_EW-557
&V _D2020
0.0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0.0 0.5 1.0 1.5 2.0
Current density / Acm-2
() or
0.8 -K s 'Y
] 4 ‘
> $t s,
B ¢ ¢ ‘ * 3 c 3 2 ¢ o
0.6 | MR e 2
S . YIRS
S ‘e
80_4 L eV _EW-1093 t e
V_EW-990 .
*V_EW-700
0.2 -
*V_EW-557
&V _D2020
0.0 L L L L 1 L L L L 1 L L L L 1 L L L L
0.0 0.5 1.0 1.5 2.0
Current density / Acm-2
3.1.5 -V MEREHIE #E H[0.35mgem 2, H2/Oq]
(a) 40%RH, (b) 90%RH
T ILIRFE 80°C 90%RH K&JE
INOLDORERIZE D &, REMFICE T H2HEREOFINIL, EWENMES 251 Lm0 iV
MREZ RS Z E N5, BHEEMICB W TCUIEEMEABDOSESIE L DOER TR 25D

D, IR E LT EWEMNMEL 725 &, @B EICBIT 58 /VETIK FIXEE & 7o/,
- T, EREHERIO X 912, A1V HERERIEICHB T 2K NEE LT WERIFICB VT,
e 3 iy bxiﬁa%ilé:focosz/vﬂ:TNfETLﬂ\é EMTAEEN, EW ZIETFTESH%



LT, TARRVPREN TS LEALND. 72720, I-VIEDHR TIIMEEEND &
DEGy DOEEHFTA BRI N E D THE T 2 Z LIXTE S, WS o 5 BEMT 234 %)
ThoHLEZLND.

3.1.4.2 7'm b AMRELEDF RS R

iV PEREDER ORI A 1 = X L& RGET D DI T A D RH 22k ¥ T EIS
ExEh L=, B Y — FA4&HEEEIT 0.35mgem? THhb. 40%RH & 90%RH (ZBIT5
Core-Core 711 v FMilZ X 8.1.6 IZRT. £z, TNOLORENGMBEENO 7 0 ko AxiE
JE 2 AT LA R A2 X 8.1.7T IR, il g N o7 v b AREEE, 12X EW E & BV EES
BAfRZ R L, EWHEMELS 7221387 n N AREENW LT 58EREA R L. £72, RHM®
m< e DIEE, bERiERIT/ NS ot RRERFIL, FBRSREICBIT 5 1V e 2R
N7 N AMRBEEDOEWE D LD THD Z L KT D, o CEBREE NSt
28T 2 iV MEREDOARLEER & LT, MEEMENEEL TWDABEEREWZ VRS
7.

Zmq | Ohmem?2

(a) (b)
0.8 0.4
—EW-1093 3 —EW-1093
06 EW-990 0z | EW-990
—EW-700 —EW-700
—EW-557 o ' —EW-557
0.4 —D2020 £0.2 —D2020
£
o
2.2 | 201 |
J Ll
00 T 0.0
-0.2 -0.1
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.1 0.2 0.3 0.4 0.5
Z,eq | ©Ohmem? Z,.a | ©hmem?

3.1.6 714 A4/~ EW OE7: 2 g o Core-Core 7' 7 » 1[0.35mgem2]
(a) 40%RH, (b) 90%RH
T LIRE 80°C 90%RH K& TE



+ EW-1093
EW-990 1
E 01 + EW-700 . 0
%) * EW-557 - s [
> +D2020 M ¢
= .
S 001 F
=} =
'8 s P * *
3
*
5 * N
S 0.001 f
o g .
*
0.0001 S
0 20 40 60 80 100
RH / %

3.1.7 fikEEN D 7 1 N AREFEE R R[0.85mgem 2]
TIVIRE 80°C K&UE

3.1.4.3 H&ARhRImFEOF LR

K 3.1.8 IZHTAA/~EHWTHSHKREEZEITBOYA 27 ) v IV ARAVEET T A
D HHHEFQ0%RH) %, X 3.1.9 1, HAMHEE 0.35mgem?2 OB Y — RillfE 2 fv iz
40%RH & 90%RH IZBIT 5 YA 27 U v I RAEZET T LD RE2 RS, %7 A4 F /)~
AW il A SIS U TERENZ(LLTRBY, BE&HFRICLLTER
B2 AR mORBIZEL L TV RWZ L2 B L7z, £/, 744/~ EW 24 %
TBEDYA 7 U w VRNV EE T T LGRS BE R ERNRO LT (EW-700 DFHH—R
FKEOERERE, b L IR & B E—27 28 0.6V ML 5 D), ARt
FEERPEICBWTIX, 744/~ EW OERENBEOREIRIEIZE X 2B/ nWEH
z bz, B, 7'r b WEBR» O ERLFRIICEN 2 AR LY, SHFFRICL
TREbL >R AMX 3.1.10 1TRT. ASHEBSRICE L TASRREIZF N %8 5 IE L
BIfRZ R LCHY, HEeOMFFEENBIFICHEICE TWD I EAMRE L.



(a)

Current Density / mA cm2

=
N—"

Current Density / mA cm-?

(0

Current Density / mA cm-2

20 (d 20
15 | 15 |
10 f E 10 ]
$ |
5 | E 5t
>
0 r 2 0 r
[
[a) |
-5 - ‘q&; _5 7‘
\ —EW-1093 0.35 = ‘ —EW-557_0.35
10 - —EW-1093_0.25 o -10 —EW-557_0.25
5 | —EW-1093_0.12 a5 | —EW-557 0.12
EW-1093_0.05 EW-557_0.05
-20 -20 &
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Potential / V vs. RHE
Potential / V vs. RHE
20 (e) 20
15 *‘ 15 |
10 | “‘ g 10
S
5 *‘ = 5 |
? ‘ A
0 g o |
\ 8
5 % -5
—EW-990_0.35 5 —D2020_0.35
10 —EW-990_0.25 o -10 r —D2020_0.25
15 ‘ —EW-990_0.12 15 | —D2020_0.12
‘ J EW-990_0.05 D2020_0.05
-20 -20
0.0 0.2 0.4 06 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Potential / V vs. RHE Potential / V vs. RHE
20
15
10 |
5 L
J
0 L
-5 -
‘ —EW-700_0.35
-10 " —EW-700_0.25
s | —EW-700_0.12
‘ EW-700_0.05
-20
0.0 0.2 0.4 0.6 0.8 1.0

Potential / V vs. RHE

318 KT A A/ ~BIDYA 7V v 7 RNVEET T LGSR
(a) EW-1093, (b) EW-990, (c) EW-700, (d) EW-557, (e) D2020
T LIRE 80°C 90%RH K& TE



(a) 20

4 Kﬁ\
—EW-1093
EW-990
—EW-700
.15 | —EW-557
—D2020
-20

0.0 0.2 0.4 0.6 0.8 1.0
Potential / V vs. RHE

=
o
T

(6]
T

|
(¢]
T

Current density / mAcm-2
o

AN
o
.

® 20

15

10

Current density / mAcm-2
o

5 F o
—EW-1093

10 b EW-990
—EW-700

15 | —EW-557
—D2020

-20

0.0 0.2 0.4 0.6 0.8 1.0

Potential / V vs. RHE

3.1.9 A 7 UV v 7RIV HET T LOLESEF[0.35mgem 2]
(a) 40%RH, (b) 90%RH
TIIRE 80°C KAJE



e EW-1093

1125 | EW-990 %
5 ® EW-700 .
£ 100 ° EW-557 e
g © D2020 Q “" y=337.98x
2 3 R2 = 0.9643
8 75 e
3
8 . y = 312.64x
< 50 | o R? = 0.987
3 & y = 337.32x
= - < R2 = 0.9984
& P y = 365.65x

4 Rz = 0.9967

O L L L L L L L
0.0 0.1 0.2 0.3 0.4

Pt loading / mgcm-2

[ 8.1.10 H&MHEFEICKT 2 Bef2hZR mE O s 5
TILIRJE 80°C 90%RH K&+

3.1.4.4 ORR BRFVENL I & 5 H

E&LHGIHMO%%DTORR@ﬁ@m%@ELK#%WU%@@W@W&HAﬁ#
25kPag) g, Ny 7 7T vy RERMER O VA BrEiciE, (KEEIZT HER BN &
FNBLERR, BEEZERBEL TWAED, HEDER{LE EE@(}IL’?D7 =k /@@ﬁﬂ%%'ﬂamﬂa
FND. Mo TERFHRTOMEMBICTHIET 22 L CHERBELA R LS5 N
T& 5. %577, K31.1217 44/ ~EW &% zt%@Vﬂ%%%%@th%@W@@&H

0.5%[E5%, &F 25kPag)Z /~d . 45 V-1 Fpthld, ERFHK FTOEMICTHIEZ Eht L7z b
@?%5(RR@%%%@,mn®%ﬁgmkwf%aam%mmv@&wﬁwﬁrm
B THE &,

B 8.1.13 1273 XL 91, EW DR iliiE e B e OV MEA 128\ T, 2JEIC
% U CHEE IC MBI IUES LRI 28088 R bz, AMifricBW It (2EY
R EAWDT2D, 2O XD G AEOBFREEIIO AL 2315 AR H D, L
#L&ﬁ%,m@w7~LMﬁF ZBWT, 40%RH & 90%RH (231T 5 &gl kit
éEwﬁ@mﬁ@ﬁ%f%ot_&&,ﬂﬁ%%kﬁFMT%Mwaé_k#%,
40%RH O EARFIERERE R %E 90%RH O RKKERER-R~EH L, U2 RELHZ &
Ll ZORIBRMIENLERERE LT, EW OIRWT A 4/~ Z AV fillitfzg <, A
EHEREOERNEARIE )IEE BT, AREBSNCTWHEEEREZ 5N 5.



50

50 }

KN

a1

o
T

—N2 BG

Current density / mAcm-
AN
o
o

0.25 %02
0,
200 | 0.5 %02
—1 %02
—1.5 %02
-250
0.0 0.2 0.4 0.6 0.8 1.0

Cell voltage / V

3.1.11 ORR BR A B I O ) ik ] (BR 32 2 FE D 2 28)
7 A%~ : D2020
EIREE 80°C 90%RH 25kPag

0
_20 |

=

o

T 40 |

>

2

o -60 |

}é —EW-1093

© EW-990

380 | —EW-700
—EW-557
—D2020

-100

0.0 0.2 0.4 0.6 0.8 1.0
Potential / V vs. RHE

3.1.12 ORR [RAEE DORIERE RB(T A 4/~ EW D8
T LIRJE 80°C 90%RH 25kPag 0.5%02



4.0

¢ EW-557_40%RH
¢ EW-557_90%RH

3.0 A D2020_40%RH o
’-'E A D2020_90%RH
=}
0
- 2.0 Py
]
o
ad
1.0
0.0 : ' : ' :
0 100 200 300

Total pressure / kPa

X 3.1.13 4% E M EHCHURAT OB D4 41
T A% 7~ : EW-550, D2020
+WRE 80°C

3.1.4.5 MR fmit HRET oD B ik R

HAEHFREZLEZD LT, T4/ <ITH LTH Y — RflE N o Ein s K iiig
Mrae 52 Lz, AT X 0 3o AeREEIT T 20 Y — NARE 0O 4% 3k 4R
ROERZX 3.1.14 IR, (EROBRFNCBWTHME SN TWAHIEY, ALRmEIN/N
S D L, Y — NN ORRFREEEGU B IC B L7z, EW-700 & EW-557 @
TA K =BT B LT, o AeR IS T S, FERICEO B Gk
TN RO, K 3.1.14 FOMHRE, EWHORL DK T A 4/ ~ & v 7= filddtfg 12 xf
LT, w7 —E7 valWTHRoNET 4 v T 4 7l Th 5. it EW-700 & EW-
557 DT A F /)~ & Wil 2 R, FEBREICH L CREZRBHRMEL/{TLZ LN TE
7z,

ETFCE Y BRES bl IE A I 16 O~ 7 0 AR T & R TR BT
DfE%E, 744/ ~0O EWHIZHR LTI L7ZfER%Z, TEX 3.1.15 £ [¥ 3.1.16 |Z7R
7. EW-700 & EW-557 DT A 4/ ~ & HW I il g 12 3817 2 ikl fg 8 A 5 m o~ 7 a7
FRRELINPIIY, TOMOT A 4/ ~MRIFEREE 2o b b L3, 10 2L Lok
WEWMEZ R LT, 26T A F ) ~Z AWk Y — RERE I 380V T, ZIRZEHLNIC
B DEOIBEIEH R AN 1V ERAME T2 H RO 2 e ot Z LA EHRT L LB X
NG, RERICRFMBRREEIIICOWTY, 744/ ~O EW EMEL 2512 8BRS



DA A HERS S LTz

ZoZlky, TAF D EW HMEWAREERE 23T 1V PEREDME
TLEERO—SThHHEEZLND.

20 m
i *EW-1093
* EW-990
s i * EW-700
A Nt * EW-557
- R + D2020
5 V&
n ‘ nw
~ 1 0 Il ||“\\ \\ ’
3] AR SN
Oy R o — S
VLT e
\
05 | &
e
R
‘“"""-‘-‘-'-'-‘-:-:-:-“.-'31-?.-.?_@__’
00 b —
0 50 100 150

Roughness factor / -

3.1.14 B4R IEFE KT 2 2k F s i o TR 5
T LIRE 80°C 90%RH

1.0E+05
. L1OE+04 | . .
=
(&)
(%)
~ 1.0E+03 |
4 o *
LS i
1.0E+02 [
1.0E+01 —
400 600 800 1000 1200
EW / gmol?

3.1.15 ~ 7 v i lht (ki g = 2 057 1)) O fihT i 5
T LIRE 80°C 90%RH



15
I .

g 10 . .
(2]
©
S o o
f 5 |

0 I L I L I L I

400 600 800 1000 1200

EW / gmol?

[X] 3.1.16 JmPIT I e os Pt O AT 5
LR 80°C 90%RH

I, g EAERICR T 5, ~ 7 v /pBRRE ARG & RPTRER s it o RNk &
W4 L7z, Table3.5 ([ZfififEIE A7 5um & L <% 10pm DO F5E OREFERE GO RS v

FEREZRT. AZE A EDRMITBNT, Ry rhoro/Ro,oa P 1L EE o722 206, 5

Bl EDHAICORBEHTE HiEHR L o=, X(8.1.9723 M ATRe 2 &iPHIZ BV T,
Fie Rl NPT & 4y %Lt#%%l31wLnﬁ‘EWWm&EW&ﬂ®74j/v%mw
To R 12 B W T, AR EME S LB E AN E WA W T Y, fillitE ko

FHEHT RS CEOICHT 5~ 7 0 RS R, o (O D H 5 MBI T2 5 T

WD ZENRERTED., LNLERD, ZOMDOT A4 ~%28D, AeHRBEEE2 R L,
H&ET 7 AT 7 7 2N A0 FLELL T L 725 X 5 Ipin b v — RNz BWCiE, /AT

P SR EAHL 0N AR N O BRI RS ORI & 0B Z LAV o T,



Table 3.5 Calculated oxygen transport resistances per total thickness (s cm™) of CCL

at 5uym and 10pm.

S5um 10pm
Ionomer . . . ;
Roz,macro ROZ,IocaI Roz,macro/ I:QOZ,Ic«:aI Roz,macro ROZ,IocaI Roz,macro/ ROZ,IocaI
EW-1093 0.21 0.12 1.74 0.42 0.06 6.96
EW-990 0.15 0.17 0.85 0.30 0.09 3.39
EW-700 3.17 0.17 18.57 6.33 0.09 74.30
EW-557 3.28 0.20 16.60 6.55 0.10 66.42
D2020
0.18 0.11 1.68 0.36 0.05 6.73
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Table 3.6 Estimated thickness of CCL, porosity, effective Knudsen diffusion

coefficient in dry and 90%RH (average of both RH measurement directions) at 80°C

with Pt loading at 0.35mgem™2.

Ionomer Thickness Eary ©) DOK:’Eﬁ at Dry DOK:’eﬁ at 90%RH
() (cm2 s1) (cm2 s1)
EW-1093 11.2 0.38 4.39x103 3.20x103
EW-990 10.3 0.37 3.42x103 1.60x103
EW-700 9.2 0.33 2.33%103 0.62x1073
EW-557 8.7 0.37 2.42x103 0.30x103
D2020 (1000EW) 11.0 0.55 4.93%103 2.70x103
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Table 4.1 Tonomer thickness in this study

Thickness / um
Ionomer
0.05 0.15 0.25 0.50 1.00 2.00 3.00
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O O O O O O O
(1000EW, DuPont)

EW-1093 O O O O

EW-990 O O

EW-700 O O O O
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4.2.2.4 7 A F ) ~HEAGT « A7 BiRE H 2 ORR BRAEFHIE
W7 A NVNOEIRIZEFR T A(GL 7' L— )% 0.2NLmin. 1 (T 30 wREENT Y 7
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Potential
1.5V ey

10cycles | 500mVs1
1.2v
OCV —_—
0.5V 10mVs1t

2cycles

0.1V
0.01V ¥

30s Cleaning ORR Time

4.2.3 ORR A E 12 31T 5 CV OEAHIHER E N2 [BG], 02 FHHX T)
Potential

I

10cycles
OCV —

0.5v

0.4v ’ L
0.01V V
Rotation
speed

1600rpm

200rpm

30s Cleaning 60s ‘ Time
ORR

4.2.4 ORR MRFVEFRIEZ I 2 EALHMERE(O2 X 5 T)
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Table 4.2 Comparison of estimated activation energy / kJ mol!
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