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DMFC (Direct Methanol Fuel Cellyg-2] MZ-¢ ZEA} a2 WHy S /dstr] Yl &
Al A S poly(tetrafluoroethylene perfluoropropyl vinyl ether) (PFA) € &0l 222 E
S WA Fof &ES) RS XS Y rayE o]83te] WAM] ZEEZE Fj 9ESA
WA gtz E "E9] &E3} v8-2 chlorosulfonic acid/dichloroethane (5 v/iv¥%) &3+ 8¢
oA XaP&tct. PFA 282 E Zg|2E)d WEH 2 (PFA-g-PSSA)S 334, EalF, A7]3
g4 gl FEjo] B FElo Wk Ao B37] (FTIR), olAER S47] 3 FARARREY]
7 (SEM)o.2 BXsly sk meks £ 2439t PFA-g-PSSA WHF o g A2}
g MEA®] 29117 e HrteilaL, AR A A3 duds B ZXE ol&3dtd &
74310t} PFA-g-PSSA WEH QIO 2 %3 MEAE Nafion 1122 A %3 MEART} -3
DMFC 4% & YEr At
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Abstract : In order to develop a novel polymer electrolyte membrane for direct methanol fuel
cell (DMFC), styrene monomer was graft-polymerized into poly(tetrafluoroethylene perfluoro-
propy! vinyl ether) (PFA) film followed by a sulfonation reaction. The graft polymerization was
prepared by the Y -ray radiation-grafting method. Subsequently, sulfonation of the radiation-grafted
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film was carried out in a chlorosulfonic acid/1,2-dichloroethane (2 v/v%) solution. The chem-
ical, physical, electrochemical and morphological properties of the radiation-grafted membranes
(PFA-g-PSSA) were characterized by fourier transform infrared spectroscopy (FTIR) and scan-
ning electron microscopy (SEM). The water uptake, ionic conductivity, and methanol perme-
ability of the PFA-g-PSSA membrane were also measured. The cell performances of MEA
prepared with the PFA-g-PSSA membranes were evaluated and the cell resistances were mea-
sured by an impedance analyzer. The MEA using PFA-g-PSSA membranes showed superior
performance for DMFCs in comparison with the commercial Nafion 112 membrane.

Keywords : Direct methanol fuel cell (DMFC), Poly(tetrafluoroethylene-co-perfluoropropyl vinyl
ether) (PFA), Radiation grafting, Polymer membrane
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837] $Ist o] EsiA o] FoiA| AL ok 23
DMFCE HAIR] HEES A5E AMEsl7] wEel o
EhEo] whe Alshukg Swet A WEyEIe] E2
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S HBgle] sus s Hdstar Yok

FIEA A HWHY e DMFCe] WE /A=
A3A (Membrane Electrode Assembly, MEA)<]
ol & IE8E sk T8 FEol &St dukgoz
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ojtt. o] I lxe e} 7jAIAIG FuikE ARE-SHA
27 wEol] FuiAE EAHA] 4L, 71| /g8 At
Lo P EsE TEAL] F2 AR 2ARRe R
Aeld = glous Az g Tdskar A A
A EERIS xS 5 Slvke o] ko
B Ao es WA ZAF WHO=E poly
(tetrafluoroethylene perfluoropropyl vinyl ether)
(PFA) ZFol TetzEs= AERIS g WA
ZAF AIZRO R FEe, SESE BRES AZ] ARt
Asd WBEHoT MEAS #1251 DMFC A%<
Z7gsint. ZEjdle] gl whE EA glHEgRle]
FALE Al 28] RjolE FARIAL AV (SEM)S2
AL, PFA 50 22tzEd ARl S35t
71 el #ig Ao 237 (FTIR)E w4135tt.
Az Ey 1] S MEA Aol ARA<
FEFE MAE ol2HEEs} WEE: F=E FHs
7€ Nafion 1129} ¥]w3}ich. 2EJ¥ T2ehrego] T
ZEZ WH 3 48 Nafion 112 PEZ AR
MEAZ A|Z3le] DMFC ©913x]9] A58 43,
w9 P2 gk vla Bk

2. AEUHY

2.1. DEX MefE HEele] M=

DMFCE 3} el RlBe1e AP Al iy
& ol&3le] A8 PFA ZEol| SEjRS TRt EAT] A,
o1& &3} WESAIAX A3t Aol AMeE 3
PFA ZE (-[(CF,CF,),CF,C(OR)F],-) &4 43} 7
AR tE B4 IEART §30] Eobi] A
260°Ce] 2&=ollA A% AREE 4 glom, 71A1A <l
e B A7A Ade] vl et AR 4
Atk PFA ZEol| g £/92 Table 19 YeR|SITE?
FAZE 25 um8l “d-8§ PFA BF (Universal, Japan)S
o ELR 3] AlFEE ¥, 60°C N EClA
24117t EF AZXAFTE 123 PFA TES styrene/
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Table 1. Property of PFA film

Film Density = Melting point

Continuous using  Tensile strength  Elongation Rate Dielectric  Volume resistance

(g/em®) (°C) temperature (°C) (kg/mm?) (%) constant (€cm)
PFA 2.12 300 260 280 280 2.1 >10"8
~2.17 ~317 ~315 ~300

dichloromethane (60 : 40) 8ol HXAZ] Fof A4S
Ag-aL, dEo] AAE €715 Co® Y rayZ 10kGy/h
o] ZAF LR 5, 10 B 25 AT B 2ARIA
o}, Zg]2Egdo] a2 E" HES dichloromethane
o2 AHT F, 60°C FF LEONA 1247 AxA]
ZAck Azxg 2R WEEQ] (PFA-g-PS)l| 122 E
H 2ol I EE (Degree of grafting, DOG)
< 2 (hE T3kt

DOG(%) = [(W, = W,)/Wo] x 100 Q)

7oA W ZEREZE HH3-S s17] #e9] PFA
dEo FAlCIAL, Waz ZEZE ¥ 9] PFA ¥
59 FAeI

PFA TZo] T eEd AEAS DOGE 5, 10,
25A7RER ZAKSIAE W 22} 27%, 53%2F 82%34T

PFA-g-PS HE|919] &3¥E3} W32 chlorosulfonic
acid/1,2-dichloroethane (2 v/v%) &&-8Mol|A] 2417+
Fe oA JA|sle] 2z e ZE|AEle] WAl
aEel FEE £X971E E9AIY 255 1.2-
dichloromethane®} S-F= of2] x1= Al2gH &, 80°Ce]
FHTON 1207 B @7 s Tl
IR WHFRLe FHEE AHEl, 70°Ce] FEFEE
oA AZAZTE & AFolA AlxE EAh WEH”
(PFA-g-PSSAYS- Z2]=Eldlo] DOG7} 27%2] Z1-& PF25-
SS27, 53%21 7S PF25-SS53, 82%<1 21 PF25-SS82
2 FAIBI o710l ARE-SF PRx-SSy HAIGA xo} ya=
717} PFA 5 A9 ZE]2E)Rle] DOGE YR

2.2. &0 £2{2|et MEAQ| M=

A8 Fv] &£#E]l= PtRw/Carbon black (Pt:Ru=
41.1 : 32 wt%, Tanaka Kikinzoku Group, Japan) Zujlo]
10 W% Y372 g (DuPont)?t Z29-8-8 W Znjjo}
2] godlo] Z EREEF vl wib7|® wnksiod
Az A 23 Fuf EEE]e 7R Fo] (Toray,
TGP 060, Japanpl] Zxl] @A]%o] 2 mgPrem®] =S
sl IR0 715 £82E PYCarbon black
(Pt=67 wt%, Tanaka Kikinzoku Group, Japan) Zvl&
AMESle] Am= Fv SefE]oh 2 WEo R A|FsIit
3715 E0 E8Els S0 gAE0] 2mgProm’] HEE
ZAslo] 7R Fo] (SGL 25BC, Germanyl] ZH 31T}

Zu)7} FgE AT 70°Ce] A7) QBN Ax
A2 B2 hot pressing WHOE TR} Had WH
glelz} H3sI3ATh. Hot presse] £55 150°CE 943
A 243 dejolr] @) WAG 50kgem®] JEo=
1571 970 gktslo] MEAS Ax519itt, ol2jgh W o &
A=pet oA el B4 WA WAL 9 emo|t)

2.3. EAL HERl, MEA ¥ CiIEX[e] S &It

Zg|2Edlo] atZER PFA ZE @ie] ulA T
ZZ2 FAPAAEE A (SEM, S-4800, Hitachi)o 2 &
Z&13tt. PFA EE5ol| 2et2Ed 2l &E47]
= FEd HE HJH #37] (FTIR) (Tensor-37,
Brucker)E ©]-&3}o] 500~4000 cm™ ] I} (wave
number)@elx] St FR1sIGIrE At Wl Q1e]
S (water uptakeyS EA WEF Q1S 25°C9]
SHTO 24N7HEE @ FEAIR] o Adle] 9
Byigle] W A= EVE AAS FAE &3
sk, 2 ()5 ol&ste] a3t

Water uptake(%) = [(Ws— Wa)/W4] X100 Q)

A7 W RS S8 2R BERle] A
OJaL, We= 7127E Ak lERle] FAIS vepit.

o] AL =S} T AR MEAS] EFAEL ujd
BA7] (IM6ex, Zahner, Germany)E A3l =4
SIATE o] EEE IEA WEY AL 244]7F B3
SRl @7F FsARl ol ke wEak fEy)
Q9] Xy ARG AT BAlo] G 2 men
Al (2 probe cellye AHE31] 30°Ce] 200X SH3INATH
AmE 24 PE A7 ALl xy & YFoRE
VHe] wEAe] FEHRIQ2 x 1 em’)e] ¥ 2ol 91A]
A= B, & WPLRE F 7 W A
o] MHEF21(0.5%0.5cm?)2] Y& W] YAF=F
sto] U EA7IR AdS SAHSKIH 344
A 4 ()% 01§l ol LARES Fakgirh

Tonic conductivity(S/cm) = (L/R) x (1/A) 3)

37164 Liemye 7 2= Alele] Ze], RQy 3%
A, Alm’ye F 230 Fole gHle]
R

MEAS] 5482 F3k5= WSS 100 mHz~100 kHz
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2 3k, At 1EL 10 mVE 319er, Yydze)
AFE 100 mA/em®@} 350 mA/cm®illA] ZHzr =48}
ATt ojuf TAR| ] 2= 60°Co|, AFF 1.0M
ek 8-S 3 miminE FHIL, F7FNE ¥
715 400 ml/min®] FOZ2 FHIIATH

) A ] e fl9 TUd Yo dAset s
FwePaA =S 27} 30°C oA 80°C7kA) ek
A Vst

9k flH 1] Mehe T (methanol permeability)
© Az RAERS 7 A Aolel] §e & glgel=
122 vgke 89, The Aole FHTE 145emy
Ha AP E vego] FiEE S GC (Agilent
6890N network)E ol-&3l] X7 A o2 ZH43I9
ok Ao A7)= 5x5x5cem’o]aL AW Atele] A
TE 7065cm’ & 3Tk Weke Eaw P vt
e 2 (4)FE olgste Alteth

P=(Cs XV XL){(t—ty)) xCx xA} “)

o] 7]el1A P(em?/secy= HIEhE: F3}=o]al, Coe ¥
gh&o] FaiE & W (B)Y] HEEEE, Cae WE
o] FYd & AA)9 ke FE, Vem')ys F
S Wekge] 2y, Liem)e A8#HA] o] FA,
t(secy= T AIREE AR AL, ty(sec)s FES
Hsleo] HolA= A ] AIZRS UERT

3. 41 3! nE

3.1. PFA-g-PSSA ZE°| iat 54 HI}
PFA d5o) Fej2Ele] agfreEd iz} HE

gele] vAl 25 FRlsl] fla RHle] s
SEMC.Z #Z31t). PFA P50 J3l=Zed ZgX
Elgle] DOG7t 27%, 53% % 82%= ZHz} F7tshd
IEA WEgele] FAZE 37 um, 47 pm 2 49 uymE
717y 7k A Fig. 1(a, b, c)ellx 18t
Fig. 1(d, e, fy= PFA-g-PSSA ZE9| @S wnj&=
g SEM ARle|t}. Fig. 1(d)eIXE PFA ZE9
TFxo| FgXElRlo] IZEH U= AL & F
S=tl, DOGZT 27 %= S Zfoll= E2]=Edlo]
PFA Z& 7= ¢t o AAAA 3L vlolsle &7k
Alol2 PFA Bge] 2ol melth. 28y DOG7
Z7kste] PFA & <ol B2 o] FEj2Ele] 1
ZRZES PF25-SS533) PF25-SS8204+= PFAS] Z&
ZAo] HolA] & AE= Fe2Elo] $hds] Yo
V= AL AT F Uk (Fig 1, f)) SEM £42
E3lo] A%H PFA-g-PSSA HHFo1S Zg|XAE]do]
PFA ZE9| A&7 #UsAl 1EZEH = AS
13T

g At WlEgRI S8k pE gl il
PFA ZE, PFA-g-PS #H# 2] 2 PFA-g-PSSA #HH
g21& FTIRE #4131t} Fig. 2(a)= PFA &2
FTIRZ #413F Z2)Z2 1150-1250 cm™' JJollM &
FElo] 73k w7t Yehdetl, ol PFA 59 71E
TER] -CF®] A1&%1§ (stretching vibration)ol] <]t
Zo|t}. Fig. 2(by= PFA-g-PS WEH210 2 3050 cm o]
A ek 189 C-H 4215% % (aromatic ring
stretching), 150034 1600 cm™ oA ¥Wgk= 72]9] o
HWZE (plane stretching)? Al&E%150] Yehg=t),
ol ZEJde] WAl el HEE Fguo] o3 A

Fig. 1. SEM images of the cross-section of radiation-grafted membranes: (a, d) PF25-SS27, (b, e) PF25-SS53, (c, f) PF25-SS82.
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Fig. 2. FTIR spectra of (a) PFA film, (b) PFA-g-PS and
(c) PFA-g-PSSA.

o]t} 2800-29002 2900-3000 cm™'ME —CH,2| th3
(symmetric)} BITHA (asymmetric) A& w7} Yeh =
ZOF PFA 5ol 2ol ZZEH] e RS
golsk 4= 9t} Fig. 2(c)= 3400-3500 cm™ F-Zoi|A]
W2 vt ARe, €29 4 259 —S0;He
AE V] —0OHe| 41=71E90 2% A2 PFA-g-PS
e Aedoz &E3 o] Mg RS &<
SR

=78 PFA ZE8 4544 (hydrophobic)?] A2
Zk1 Q)7] Wil 2 Fs] ok e X1
(hydrophilicye 2= 507 IglrEsle] dEo] &
T F UAEF sk, o= 2EZER PFA fE
ool ZEjRlS &ES) wRAIAA 2E-e] Wil 3
o) 5L 2 EEAWE XFsle] PFA ZEo|
479 25 sl Zolth. PFA HEd 8|2
glo] JErEgoe] SRS IS 2 eFWIE
2188 4= 3= AlO|EZF SVl FEL] water uptake
7} =7 Bk Fig. 39 Nafion 1122} PFA-g-PSSA
WERIS &S VERSITE AlZ¥ PFA-g-PSSA
WEF Q1] 8- Nafion 1122] 15.8%Kt} U =&
e & Aok FLE R 2BZESo] 27%lA
53%2 E=olAAA ShEgo] 23.7%A 63.3%= Z7}
oy, JRZESo] 2%E Y VRIS ue 3
9] 558%% TASIh dnbdo g ZE|AE-e] 1
I Ego] F7RE WHRIS ek FTURIAN,
A AT E TBFZES0] 82%7F HA Ash=
AL B Utk 0|23 YoloE= PFA T I8k
Ed Zg|zEo] IF ¢k 7S AA F2E T
SHA| ¥HEo] &ES) REgo] T o) dofuks Zs Wl
sto] EEA77E AAl XSEQL7] w ol AlzE
PFA-g-PSSA WHEZRIoM= ET|2Ee] I Ego]

Wi
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Fig. 3. Water uptake of Nafion 112 and radiation-grafted
membranes: (a) Nafion 112 (b) PF25-SS27, (c) PF25-SS53,
(d) PF25-SS82.
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Fig. 4. Proton conductivity of Nafion 112 and radiation-
grafted membranes: (a) Nafion 112 (b) PF25-SS27, (¢)
PF25-SS53, (d) PF25-SS82. Temperature, 30°C; water-
saturated state.

53%Y Wl «=E3} vhgo] & XeEo] WERle] T
&o] 7HE =4 vehde 2E 4 5 A3ith

Fig. 4= PFA-g-PSSA WH#|¢17} Nafion 112¢] o]
AEeE Jepd Tglojt). oA Eee Fshd At
eI xy=3t 25 Wkl tisiA 30°Cellx S8t
Aok A WEHRIY] xyF & W] iE o]
Artes S7g%kelA o] Aol IR 22 S
YERI=H], Nafion 1129] xyZ o=+ 0.087 S/em
o), 752 0.084 S/em 2 ZJ Ut A|ZE PFA-g-
PSSA R EERloX 9] o] X == PF25-SS537} xy=
oNA 0.15 Slemé} zZ04 021 Slem®z 714 =] Wrelst
O, Nafion 112H0} U] & o]2AEEE 7= 502
31519l PFA-g-PSSA HE9| o]2AE T d82)
Ao} nRA R Ze)AERe] 2ZBZESo] 27%
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oA 53%Z F7IBPEA oleAEEE o] F718IA]
TF 82%elM = A, ol ol ARETE EE
2k719) Fhegol| JEe ] W]l Aoz oAZIT

$HA % PF25-SS27, PF25-SS53 2 PF25-SS82 &
BaRle] vigke Fal== 77} 1.2 % 107 em’/sec, 2.63 x
107cm%sec 2 42 x 107 cm’sec AES VERATT.
48 PFA-g-PSSA I#A} HlEgQle] T}z E o]
Z7RE HEe Bl Sk Zog yelith
9493 PFA-gPSSA WH A9 Wes Eixre
Nafion 112, Nafion 1152} Nafion 117¢] WEre %
FE7 2z 97x 107 emfsec, 7.53 x 107 emPsec 2

: : : . r 180
0sh (a) . 4160
vq“a 4140 '§°
~ 06} q120 &
% g
s 04 ) 180 %
N LU
02} {40 £
—=— Nafion 112 —— PF25-8527 >
—a— PF25-§853 —— PF25-S582 120
0'0 I 1 1 1 1 1 0
0 100 200 300 400 500 600
Current D(‘nsity(mA/cmz)
T T T T T T T 220
osf (b) s 1200
fddd"' MA(H J180 v
; {160 Z
S 0.6 J140 é
é&n [}
k] 1120 3
S 04p R 1100 ’5‘
N
02} g
e e 140 >
—a— Nafion 112 —o— PF25-§S27
—+— PF25-5553 ——PF25-5s82 120

0.0 L -
0 100 200 300 400 500 600 700
Current Dcnsity(mA/cmz)

Fig. 5. Polarization curves for the single cell with Nafion 112
and radiation-grafted membranes at (a) 60°C and (b) 80°C.

301 x107em*sec 20l A& 1#H3PH A4S PFA-
g-PSSA WEYQ FollA PF25-SS273} PF25-8S53
By2le] weke F3}EE Nafion 112, Nafion 1159¢
Nafion 117 Xt} ©] Y2, PF25-SS82 W H.g|21e] wgk
L EFEE Nafion 117 B} o7k =& AL &
AATE.

3.2. PFA-g-PSSA HEz|ole] DMFC §4 %I}

PFA-g-PSSA W Hg|21¢] DMFC 54 #3712 ¢35l
PFA-g-PSSA REH]QIOZ A|2g MEAS TR %
2pslo] A%5-& ZAEck AR 10M o] Hees
3m/min®E ZEFUL, F71590 F71E 400 co/mins
FH3IHA] 30°CellA 80°CY] = HelolA Aee 24
319t} Fig. 55 PFA-g-PSSA WE#H¢13} Nafion 1128
Az MEA2] %S 60°Ce}F 80°ColM S5}l 1}
ERd AF-AYG FAolt), ©he xR o] =4 A3} PFA-
g-PSSA WHF]Qlo® A= MEA7} Nafion 1128
Az MEART 958 5ol Yt 2g Ekls)
Atk Nafion 1122 A|Z3 MEA?] o Ay WUx:
60°C2} 80°ColA ZFz: 142 mW/em?2F 170 mW/em?©|
t}. o8] 79 PFA-g-PSSA WEow Ax3
MEA®] 3957} Nafion 1128 ARE3 A$ED O
E=A JeREEd], 60°ColA PF25-SS270] 154 mWiem?,
80°CAIA1E= PF25-SS53¢] 207 mW/em’® 7F8 E9)th
30°CAHA] 80°C7IAIe] L= WMol 04 Ve] ATl A
=93 MEA?] &8 E% 32 Table 29 JERATH

DMFC A5g %7 Fof dous BARX=2
SeRAe] B A S8 Fig 6 B9l
PAHEEE HAFEEE 27 100 mA/em?®e} 350 mA/em®
2 3l 60°ColA] 2zt E74% Zlelt). JHRI=E o] §
sl =243 T AR o AFOL Nafion 112+
0.105 Qcm?, PF25-SS27-2 0.093 Qcm?, PF25-SS53-&
0.086 Qcm?, PF25-SS82% 0.084 Qem?e. 2 UERTE
Z A %3+ PFA-g-PSSA HHHCS Abgale] AJ2et the)
A=A 2] #3}o] B Nafion 112 Bt} o] B AL & &
AR, 2] Juze] wigle] A7) AF
o] AHF IR} ZA et o)7L AHF
FJoME= &43} -5 (activation kinetic)o] A8]H
o3, IXF FYHOE A4E EA5) o] MNAEEA

Table 2. Power density values of Nafion 112 and radiation-grafted membranes at 0.4 V

30°C 40°C 50°C 60°C 70°C 80°C

(mW/cm?) (mW/cm?) (mW/cm?) (mW/cm?) (mW/cm?) (mW/cm?)
Nafion 112 58 83 108 134 152 158
PF25-SS27 59 89 115 144 168 177
PF25-SS53 55 85 112 144 177 198
PF25-SS82 56 81 112 141 169 189
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EZAY (mass transport) E37} EAY5}7] wjEo|c}1”

AAF 992 100 mA/em™IA] 285 MEAS] 3
A2 Aapelre WAFL] 277 A2 v|sstal, 2%
o= PF25-SS53¢] 7Fd 2HA] Jeldth. a4/ 99
350 mA/em®™l|A] 4 ATH 2 Aol A= PFA-g-
PSSA ®HEF|clo & A|ZF MEAS] ¥Hle] vixE =7]|=
H]$=8 ¥ Nafion 1122 A|ZE MEAS ukl9]
HAE Z71e o 24 S39 28 IR F Ut o]
23 A= Fig 5@ AF-ASF 749 Ade} o]
PFA-g-PSSA9} Nafion 1128 A|%¥ MEAS &9
28] A5 F40] 100 mAm@IA] 53~ 54 mW/em?O= A
2 A5l 249 whE 350 mA/enrol| A Nafion 1122
AzH MEA2] A8%5340] 136 mW/em?S2 PFA-g-PSSA
wWHgolo g A3 MEAS] A% (141~ 142 mW/cm?)
Hr} o] A SHE Aot dxsks S B drh
PFA-g-PSSA ®E#1e] o] M=%’} Nafion 112
Ho} o 7] el 2dF Felx] Hat A A
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