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1% 1.1. Structure of polymer electrolyte fuel cells
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1% 1.3. Various types of sulfonated hydrocarbon proton exchange
membranes (PEMs): (a) sulfonated styrene copolymers (SPSs)[5, 6]; (b)
sulfonated polyimides (SPIs)[7]; (c) sulfonated poly(phenylene)s[8]; (d)

sulfonated poly(phosphazene)s[9, 10]; (e) Sulfonated poly(arylene)[4]
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1% 1.7. AFM tapping phase image for Nafion 112 (upper left), random copolymer

(upper right) and multiblock compolymer (bottom images)[15].

_12_



K

——
file)
ze)

ol

il

=L A7l B E AR H3dT " 183

% aIEAE

= E 3}

gomH

Hj =]

==

Ao F e A% 1

i=]
RN

™

Nafion®.t} ¢

Ho

3 A

Zdsteh. whebA

gt

9

=017

=
7OLE’E“

dowA 7IAH

W O 7 7}l (crosslinking),

[e)
py

% 1.10

o|J

J)

e

2

&

_13_



(b)

1% 1.8. Chemical structure of sulfonated poly(ether sulfone)s with (a) 8 sulfonic

acid groups and (b) 10 sulfonic acid groups [16, 17]
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1% 1.9. Performance comparison of various types of sulfonated PEMs at around 25

°C: relationship between water uptake (wt%) and proton conductivity. Here, black
stars (Nafion®), red stars (the reference sulfonated hydrocarbon PEMs), blue circles
(sulfonated hydrocarbon PEMs with functional groups), cyan triangles (sulfonated
hydrocarbon multiblock PEMSs), yellow down-triangles (grafted and branched
sulfonated hydrocarbon PEMs), dark yellow squares (sulfonated hydrocarbon PEMs
with high IEC),and orange dot-center circles (sulfonated hydrocarbon PEMs with

highly sulfonatable monomers)[3].
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1% 1.10. Proposed chemical structure of cross-linked

membrane.[18]
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1.11. Proton conductivity at 25 °C and 98% R.H. and mass fraction of water in

SPEKK2.0/PEI blends: effect of PEI (non sulfonated polymer) composition (wt%)

[19]
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1% 1.12. Micrographs (cross-sectional view) of an 85/15 (w/w) SPEKK2.0/PEI

cast at 60 °C from a 5% (w/v) NMP solution. From top to bottom: scanning electron

micrograph (SEM) of a freeze-fractured membrane, transmission electron micrograph

(TEM) and atomic force micrograph (AFM) of ultra-microtomed membranes.[19]
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1% 1.13. Proton conductivity ( o at 25 °C, 98% R.H.) and hydration number ( A
at 90 °C, immersed) for SPEKK2.0/SPEKKI1.2 blends as a function of blend

composition. The membranes were cast from DMAc at 60 °C.[20]
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1% 1.14. AFM micrographs of SPEKK2.0/SPEKK 1.2 blends: (a) 6/4, (b) 5/5 and (c)

4/6 (w/w) blends cast from DMAc at 60 °C.[20]
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fororo)

PBI, polybenzimidazole
poly[2,2'-(m-phenylene)-5,5'-bibenzimidazole]

o

ABPBI (poly[2,5-benzimidazole])

1% 1.15. Structure of PBI type polymer.
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o AEEQ Aol tha ez gl o] yET (T1¥ 1.18)

AA4ke] =g FFo] W jn-situ fabrication®] post-fabrication®l] H] 3| 3]

AEE FESe WHeE PBIY FRE HIMAFG (I 1.20).
A% PBITO 7AIA AEE 19 1.21.0] UeRd Bkel 7Ho] post-

fabrication$t m-PBIi= 7]|A|& 02+ 53 AEE YERIAI T

do A= E (4 mol H;POS/PBI wnit)® Q13 e o] AxrE
Holowm wtel 29 PBI= WERTZS] PBI Hut %2 4t B3 E

mlo
rlo

(m-PBI: 21 mol H;PO,/PBI unit, p-PBI 29 mol H;PO,/PBI unit)= .
E20]3 7|AAQ ZAEX in-situ fabrication® m-PBIX.T} 314

HEFRETH.[23]
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1% 1.18. Conductivities of PA-doped PBI membranes from different processes:
membranes made from the sol-gel process (circles), conventional imbibing process
(squares), conventional imbibing process (unfilled circle)[24], imbibing from
trifluoroacetic acid/PA solvent (triangles)[25], conventional imbibing process

(unfilled squares)[25], and sulfonated fluoropolymer (diamonds)[25].
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1% 1.19. Conductivity and mechanical strength of acid doped PBI membrane as a

function of acid doped level. [22]
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1% 1.20. Synthesis of p-PBI and m-PBI.[23]
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m-FBI [poEl membrans fabRcaticn)
= m-PBI (in-situ fabncation)

&  pPBi (in-silu Bbrication)

¢ Mafion 112

Streas 8 Braak (MPa)
=

o 100 200 300 400
Semin (%)

1% 1.21. Stress—strain curves of PBIs and Nafion 112.[23]
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2. AL g 1B Addd d5HXE PES EHE ue] A 9

2.1. A5

%= 3E3}5 (degree of sulfonation)”} 2t} 10, 20, 30, 40%<%] PES+
Yanjin Technology (Beijing, China)ol~] T-uff &1 o H & A A|

g glol ARgstalh. A FEE 29309 Zor A o

o

o
25 9

12
o

o)
=

9/]

flo
i

<4 m

P
tlo

AFAA g FYe] &
UERA T (PES 10: n/m=1/9; PES 20: n/m=2/8; PES 30: n/m=3/7; PES 40:
n/m=4/6). N N-dimethylacetamide (DMAc)> =22 Fzlo} (Aldrich

Chemical Co.)ol A T8t o FA 74 glo] upE AFE-FdTh

2.2. 4 J

)
ok,
z

2.2.1. % Ax WY

Ztzke] PES30 ¥ PES40 ilA &9 ARoA 77
LEAE DMAcel 15 wt%Zb HEFH xolq wEgith 9=
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0]

1% 2.1. Chemical structure of sulfonated PES copolymers. PES 10:

n/m=1/9; PES 20: n/m=2/8; PES 30: n/m=3/7; PES 40: n/m=4/6.
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HAEE Tt 5 82 g9 60 °C Ay LEAA 2447+

2

b Az fEl Z1ESd e EAYe SR 2t
IEA Duk w2 BEe Wi 10% FAHHCHE N 60 °cell 3
AlZF F<F ©10] Acidification dFATE 1 22 60 °C2o FH-oll

oelul wobd Ewlel wolals A AASL g 0o

W © 2 PESI0, 20, 30,40 AR 9y BAlE uhe A 28t

2.2.2. o] W35 (ion exchange capacity), ¥ (water uptake),
% & = (proton conductivity)

ol e AA7] AW Wl sl FAs3A

NaOHE N &  Abgate]  #lEzayls AN kS ARE-3Ho]

0.01x VNaOH
m

IEC (meq/g) =

A7NA Vaaons A A0 AFEE NaOHE H-dojm me Axd

niAk BE Al



Z19 2718 Sobda Ay FAE A 5, Ay LBl 60 °C,

=

6407 Az FAE bl 2L FA Apel= AAE skt

||\t
o

%

N

A2 ot 2o

Wwet — War
water uptake (%) = ;;—dy x 100
dry

cht% _ﬂ'{r‘i";(]- E]l—o] %Oﬂ ;7%9;1% ];q]p/] —?‘7‘”0]11] Wdry"l_:-; Zﬂ-i

probe) AE%E S 259 FL7F 2AE= Ao Folx M6
(ZAHNER-Elektrik) 7] A1 5 AH&38tol 54 slglth dixes v

Ao ALkt [27]

L & F A53ke] dojolv R 2 o] A%, A &= o ©wlo
A2 (FA x wehelth Y¥dA AAERE 10 MHz HE 1

MHz 7H4] &7 3k
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2.2.3. TEM (Transmission electron microscope)
A =] AHEE]  (phase separation)= ¥zE7] A
AR el A BE 1 M 9 lead acetate 8-l 24 A @ &
THTE oY AFHs WFEeA 60 °C 24 AZHEF Ax
Stk olgAl Pojx mEA B o ZAl @7 (Epoxy resin)ol

Yol 281 vl AR ES o §ake] WL 90 mm @] FAZ B

S
o
=2

2 cryo-TEM (cryo Technai F20G) % #2313t}
2.2.4. TGA (Thermal gravimetric analysis)
TGA &= A4 E97] stolld #4310 °C 2 255 27

TA intrument AF2] Q50 = 7}A] 11 =4 &} o}

2.2.5. USANS-SANS

A R AR - P B kP B e e MR i g =
FY 5= ts AbgH(multiple scattering)S =71 £ SANS £} USANS

th 80%clde]l HEHF SH3Ith SANS & S dxE AT
(Korea Atomic Energy Research Institute)oll*] “%]3t HANARU <]
WA 7] = (cold neutron guide)olAl 40 m £ 18 m 7]AE

Agetel SAsA BE ZPe AEY T, FabE, oA,

o
==
FiN
310_4{1
_O|Lt
2

2V
=
ot
o
il
abs
oX
Al
2
iy
=
i
=
o

HE71Y AET
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Q ¥ Q=drsinf/AE 2 3 20 & At&dZolw Q = 4x10°
YA RE 7x 107 AT 7EA] A g S gtk

Ultra small angle neutron scattering (USANS)< HANARO
YA Aulel A gr=srjed Y (KIST)E gu2 S35k
USANS = walog EBAM7] ugo] 4 A<l 3t %2 Bonse-Hart-
Agamalian channel-cut A& A2=2 FA o] Qlth #HA Q-resoution <
2x10°  A-1 7HA di#®d 5 9lvh. USANS 9 SANS 9
Auldlold oz we Wl Q #t2x10° ~ 7x10" AhE AW T F
Atk A" 1 Y9 USANS ClHAE:= 1/Q & 38t 3%
SANS QI EIAE]Z W3lalglrh[28] ©lo]E 3¢S KIST-USANS =

el +AH ol $e AyIA = sl

2.2.6. MEAS] A|x
MEA<= catalyst coated membrane (CCM)H2] © 2 A % 5] ¢l t}.[29]

T G@X " W Ful(Pt/C;

Flo

/o] 2% (ionomer) <=
Tanaka Kikinzoku Kogyo K. K., Pt 45.5 wt.%), 5 wt.% 2] Nafion dispersion
(EW 1100, Dupont Inc.), ¢}o]AX =23 <= (Baker Analyzed HPLC
Reagent)?} 3% T/#TE 7FA 1L WhEglow oS QE Ay o]
7NAE ARgsto]l wglel nEA EE ESITE PYCY o] 2T
FARIE 80200 HES dhglon @AWAL 25 am’Z FF3
= BT @AY 04mg] Prb SRS SRgith
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criteria)i= Open circuit voltage (OCV)7} 0.9 Vo|gt=Z WA=
Aoz ATt

o] AA e TEAL 09,06 223l 04 VE ZHZE 1R wHE
S o1 vyoltage profile = 1% 2.2 ¢ Tt} polarization curve (iV),

electrochemical impedance spectroscopy (EIS), cyclic voltammetry (CV)<2}

o

Linear sweep voltammetry (LSV)2} -2 A 7]3}sH& el B2 w 2000

o] 3l

L.

rlo

AolE vk 4 ssinh olea@ A/BE A B

ol Arge WY dE2 s sqlth[30]
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3t 2.1. Physical properties of sulfonated polymers and blend membranes

@ 80 °C, 30% RH @ 80 °C, 90% RH
a b
[EC WU Tensile Elong- Tensile Elong-
-1
/ meqg /% strength  ation strength  ation
/ Mpa /% / Mpa /%
PES30 1.36 10 53 91 33 164
PES40 1.64 24 45 100 28 184
Blend 1.14 12 46 99 35 157
— 42 —



IEC=1.36

1% 3.3. TEM images of lead exchanged membrane (a) PES 30 (b)

PES 40 (c) blend membrane and (d) Nafion 212 membrane.
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1% 3.4. (a) TGA curves and (b) DTG curves of PES 30, 40 and blend

membranes.
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1% 2.5. USANS-SANS profiles of dry (a) and wet (b) membranes
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3t 2.2. Electrochemical changes of initial and final performance for the three

membranes.
PES30 PES40 Blend
32000 16000 48000
1nitial 1nitial 1nitial
cycles cycles cycles
OCV/V 1.01 0.88 1.01 0.89 1.01 0.916
Current Density
675 647 808 781 677 538
@0.6 V
(1040) (892) (1126) (996) (954) (713)
(IR-free) / mAcm™
Ohmic Resistance
0.24 0.18 0.149 0.122 0.22 0.16
/ Qem?

EAS /m* g 71.86 16.81 67.4 22.74 75.68 9.02
(Relative EAS, %) (100) (23) (100) (34) (100) (12)
H, crossover rate @

0.27 29.35 0.22 18.77 0.24 25.07
0.4 V/mAcm™
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1% 2.7.(a) OCV decay for PES30, PES40 and blend membranes by

the repetition of cycle operation (b) hydrogen cross-over current for

PES 30, 40 and blend membranes.
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3.1. A5

3,3" -Diaminobenzidine (99%), 3,3’ -dihydroxybenzidine (99%,
TCI), 4,6-diaminoresorcinol dihydrochloride (>99%), 2,5-diamino-1,4-
benzenedithiol ~ dihydrochloride (>97%)<> TCI (Tokyo Chemical
Industry)oll Al 7|3} ST}, Terephthalic acid (>99%), isophthalic acid
(>99%)i=  AcrosollAl  F-ull 3kt Phosphoric  acid  (85%)<%}
polyphosphoric acid (PPA) (115% phosphoric acid equivalent)™
Aldrichel A efakalvh. Be Aok AAl 3 glol iR
AFE-3FSI T 46.1 wt.% Pt/C catalyst (Tanaka), gas diffusion cloth (with
microporous layer, HT1410-W from E-Tek), 123 60 wt.% PTFE

dispersion in water (Aldrich)<> MEA #|Z}ol] A}& 3}Sit),

dutAow w2 vEy e wWyer @4 Stk 33-

Diaminobenzidine (3.47 g, 16.2 mmol), 3,3’-dihydroxybenzidine (0.39 g, 1.8
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mmol) 12 3 terephthalic acid (3.00 g, 18 mmol)E o] A 7j<l
Zalas ko] Y¥olhh ZEAd dZFole ZUAME a8a v
shELoll= 71Al wNt71E AAESITE 1§ Polyphorphoric acidE

of=

71 stell A Febiaa kel ¥tk I & SEAAE 150

i
4o

°colA 5AIZE, 220 °CollA 15A17HS Ttk AR =& iR
Qas FE 71 o ST 9E Egol=E o]&ste] uEAk

M= FAVE dASES W Th300 m). AR B (25

4
e
:0{:1

°C, 45% ZdiFE)el Fol PPATE F71F] el <3l vt
%] o] Phorphoric acid’7} ¥ %& 3}l o]zfsk o=
st B glo] 1Ate]l &3 | A vhE skl 7] uE

H] & °] PBI-co-PBO &5 &A= £19 el s /g8t

(Wacid - Wdry)/MWH3 PO,
Wdry/MWpolymer
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Aers ol e W =3 IM6(ZAHNER elektric Inc.)S

o] g3ty o AHAH FHS ZAwiyx: EEZ | Hz ~ 1IMHzY

rlr

Far =4 9k 4 x4 om’E Fg T 24 E

o

Aol gold A Z917] stelld 30 oA 170 °C 7HA =
°

AEEE g3t 2ol AN stk

L 7 A=53ke] dojolm] R o] A, Ax o ©le WA

(7 x ool

324.TGA ¥ 7143 A=
ASHFS AZo ¥ <Aaks ElfrR Holal A4 7
shell Al E 10 °C® 87 1000 °C 7FA] =7 819 th(Universial

V4.2E TA instruments, 2050 TGA).
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7AA A= 5% ASTM X D638 WHox | skl
FHEEZA HSKT 7]A|(Tinius Olsen; 10

mm/min of crosshead speed)= =7 3} T}

3.2.5. MEA A%
AHEA 0 2 45% PTFEZ} 3 ¥ A= th53 o] wEQit)

Pt/C Zvll 1 g PTFE dispersion 2 g, iso-propyl alcohol 100 ml, water 25

mli= homogenizer®2 ¥ AlZF FF 2 AlojFolh W &P
FhE A2 @E Axgolg By om o] WY 1 mg Pt

i

F Az Sk

DMAcel 1.5

T Fui7h et AS/]1Ake] =g e wyS i ekt A=
A2 A=A st MEAE A& st 92 B35 517 95|
o e 250 me] PTFE AlE 7FAAS Yol 2 I 140 °C, 400

cm®$3 Tk



3.2.7.20 W 289 A|lx

20 Wi ~AHlo] MEAE
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A

wHEo] MEAZ Alzstelth Ae] 84

Bl AAE gobr] WEU:
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33. 27 9 w3z

=o] uks Aty QlAbo] wyo] <QlAto] R m whe A]Et =
post membrane fabrication W ¥ ILEAE FAHAI FAl 9E
& 8Fi= in-situ membrane fabrication o] SQIT}. in-situ membrane
fabrication<> post membrane fabrication®] WH|3l| Hro] A|F = o]
rdstar ARSIkl ol HELETVE FolX7lE b
ZIAAQ et "otk FAAE 7HAaL Qith wepA #2
AdM = insiuE Ta FASEY] T i S dtEA®
ZIAARD e FE e T8 A slv 287l flsiA
19 413 o] benzoxazole (BO) Hi= benzothiazole (BT)o] =¥

TZeAE g4 stk BOY BT+ benzimidazole (BDE.TF &

A7 e =yl W el IS FY 5 UI AW
gl Aopw A FEst TG 5 Yok & 5 ek

ToHA= U= 22 oz A SFSTE polyphosphoric
acid (PPA)E 2|2 terephthalic acid, 3,3'-diaminobenzidine, 3,3"-
dihydroxybenzidine® #  PBl-co-PBO1S %4 SFAY 33-
dihydroxybenzidine th21ell 4,6-diaminoresorcinols Y ©] PBI-co- PBO2
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(2)

HzN NH HO OH
waroe)conr 4 o Ol -
HoN NH

= OO~ OO0t

(b)

H,N NH,

Iz

1% 3.1. Synthetic route for (a) Poly (2,2-p-(phenylene)-5,5-
bibenzimidazole))-co-(2,2-p-(phenylene)-5,5-bibenzoxazole)) (PBI-co-PBO1),
(b) Poly (2,2-p-(phenylene)-5,5-bibenzimidazole))-co-(p-
phenylenebenzobisoxazole) (PBI-co-PBO2) and (c) Poly (2,2-p-(phenylene)-

5,5-bibenzimidazole))-co-(p-phenylenebenzobisthiazole) (PBI-co-PBT2).

_59_



4,6-diaminoresorcinol ThHAlo] 2.5-

-
L.

9 th PBI-co-PBT2

S

S

3

St
H

=
=

9

o

B
——
file)

3

ol

2o

Kol
=

diamino-1,4-benzenedithiol

Mo

ol 4 PBO 7} 0, 10, 50% =¥

PBI-co-PBO1

-
L.

32

A

3.4 MPa =

10%2] PBO 7} =4 & oA ygkoer o]Z2 PBO 7} =4 H A

=
=

Boh 1.7 Wiy =2 Ay

Al dell A A

[e)
p

< 19 33 o YERITE PBI-co-PBO1

A oA °F 130 °C 7}A|

g A=

1)}
AN

EEFRE

A sk olm, F WA

oji

o]

2=
=

o= iR FAl

dolm 600 °C ]

= 9

7]

e A

©  @Aolth[35]
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3t 3.1. Key properties of PBI-co-PBO and PBI-co-PBT membranes.

Acid doping level Tensile Conductivity Cell performance
Membranes (mol H3PO4/mol strength at 170 °C at 0.6V
copolymer unit) (MPa) (S/cm) (mNcmz)
PBI 22.6 2.0 1.29x 10 250
PBI-co-PBO1
13.8 34 1.09 x 10 210
(0.9:0.1)
PBI-co-PBO1
13.3 2.1 9.56 x 107
(0.5:0.5)
PBI-co-PBO2
13.1 4.1 8.78 x 10~ 210
(0.9:0.1)
PBI-co-PBT2
12.9 4.5 8.11 x 107 -
(0.9:0.1)
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——pBI
— — PBI-co-PBO1 (0.9:0.1)
PBI-co-PBO1 (0.5:0.5)

N\

Stress at break (MPa)

o
1

) ) ) )
100 200 300 400 500

Strain (%)

o -

1% 3.2. Mechanical strength of PBI-co-PBO1 with different concentrations

of PBO.
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PBI
= = PBIl-co-PBO1 (0.5:0.5)
80 PBIl-co-PBO1 (0.9:0.1)
)
<
- 60
L
=
é 40 1
20 1
0 - -
T T T d T T T d T d T
0 200 400 600 800 1000
0
Temperature (C)

713 3.3. TGA curves of PBI-co-PBO1 with different concentrations of PBO.
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BO7} @o] 9] E £& Axms A4 sk Ae & 5 Ak 30
°CollAl PBIS®H 10%°] BO7F E%1% PBIl-co-PBO1 ZH2F 0.033%%
0023 S-em'Y HAEEE BT o7 St 2 ARR9
2ol "ol A Al 170 °CollA] PBIE= 0.13 S - em' S PBI-co-PBO:= 0.11
S-em'f] HMEEE BT olyd olfE& E32e EAISHA K]
BO7} ol %9l & 45 <At wggko] Wolxl 7] wiEolgta &
9tk BOY Fx7F AR wAE 9gFge g9 359
e T 10%2] BO7F ©%1% PBI-co-PBO13} PBI-co-PBO2 PBI-
co-PBOI®] & T =2 HAEEE Holg ZozF Yewrh FHu
HAEEE 170 °CollA PBI-co-PBO1©] 0.11 S/cm, PBI-co-PBO27} 0.088
S/emA=d Qi = E T3 vl R PBO1C] 13.8 mmol/unit
PBO27} 13.1 mmol/unit® PBOI1S =2 Qlal E=gsfo] HALTof
=2

%

o
>

S o 4 9l PBOIO] ¢ =L QA &

==
RS

A A& PBO 1#9 & wiEow AYd 4 Slvh PBOIS

ol

flexibledt = 7Hel #d 25 Afolel <libe By wol F{E

slo] A4 EAFo| HopgowmM AnHom &  wg

tlo

PBO1%} PBO20| A} £4 o] ALLo s 713 ZAozw B 4

e
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0.14-
—o-—PBI

— ~O— PBI-co-PBO1 (0.9:0.1) O

£ 0124 _A PpBI.coPBO1 (0.5:0.5) o

9 o o

) 0.10- / o

~ O O/A/A

2 0.08- D/ /A/

> / N

D 0.06- /D 8/

> O =

T o04{ /8

5 v AR

¢ 0.02- R
30 60 90 120 150 180

Temperature (°C)

1% 3.4. Conductivity of PBI-co-PBO1 with different concentrations of

PBO.
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—0O— PBI-co-PBO1 (0.9:0.1)
_ 9129 A pBIco-PBO2 (0.9:0.1)
O
§ 0.104 o
— /
~ 0.08- e
2> o &
'S 0.064 O/A
'-.3 o/ /
S 0.044 e
° oA
S .02 O?A/
S |°
) ) ) ) ) )
30 60 90 120 150 180

Temperature (°C)

713 3.5. Conductivity of different PBO structure membranes. The acid

doping levels of both PBI-co-PBO1 and 2 are 13.8 mmol and 13.7 mmol per

mol copolymer unit, respectively.

_66_



28 F-% 9] PBI-co-PBO2%} PBI-co-PBT22] &%

| e AEE

alol= 19 3.6% EUE 10%2] PBO2 T PBT27F =9 H AT

PBO27} & U %2 AEEE HAT HE3.loA EA|SH nigl o]

PBO2+= 13.1 mmol®] <l1Ate] &3 ¥ HhHo] PBT2: 12.9 mmol2]

Qitol &= HUV] wZel olHd AEE AolE Kl Jlow

3.3.3. A=22) A3}

in-situ= A ZH T2 7AA FE7F uf$ ol MEA A2 H

GedA AdS A = =] HoAAY ol A

A7 = wAEES 7L ATh(1H 3.8 () HH ¢

% 5 k) 53

A= HFE o] okl [ dEE=d ol EAHE

ddst7] allA 238 3.7 vERd uble} 7o)

FARTE oFF gk ABH ZEAAS w FH

£o Ao|ws

Azrstel G AAE AA ol wo] FeA RS B St

MB ZEAAL 5ol w9 A A - MEAS] ElE 19
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0404 —O PBlcoPBO2 (0.9:0.1)
—0O— PBI-co-PBT2 (0.9:0.1)
= /[]
£ 0.08- 0 o
8 D/O/
@ / O/
> 0.06 D/
= o
p—(
S 0.044 /g/
- - /
= 8
= o
3 002{ o
T T T T T .
30 60 920 120 150 180

Temparature (°C)

1% 3.6. Conductivity of PBO and PBT structure membranes. The acid

doping levels of both PBI-co-PBO2 and PBI-co-PBT2 are 13.1 mmol and

12.9 mmol per mol copolymer unit, respectively.
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/ Gas diffusion medium
Gas

oTdillly

gasket

l ; Electrode \
Sub-gasket Electrolyte membrane
Gas diffusion medium

1% 3.7. Schematic drawing of the 8-layered MEA structure.
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1% 3.8. Comparison of MEA shapes after MEA fabrication without (a) and

with (b) a sub-gasket. Membrane: p-PBI.
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A=A 2] PTFE & oFoll wE 9] =] 9] polarization curve &
I% 39 of yehdidth PTFE © FAMZE 25 ~ 50 wt%7HA]

gl MEA S AlFste] @9l Ax Ades Wl skl

rlr

o]

= 7 ek e o A3tk

PTFE ©| o] 37} & 5% 4

olr

¥8

StA|WF PTFE &] %F°] 50 wt.%7F =¥ 5ol 5248t & kit

oAl PTFE &] <ol ol AW Fuls 7ke] Folo] FopxA
AR Aeol FokAA HARE M YHF @2 PTFE & Fv
XS 7R "ol Aol Frtety] WEow A7 shAl Hvh A
O F 45 wt.%2 H=o]l 0.6 V oA °F 120 mA/em® 2 7H EA
vebtth weba o] Aol A hot press 7F 9 A Aol m =

G2 18 3.10 o HERJITE 140 °C oA 4 &ZF hot-press Tt

MEA 7} hot-press 314 %2 MEA Rt} d5o] o Hojd A el
g o lglon dadAa 54 Ay a9 310 oA dERd vk}
Zo] hotpress = <3 ohmic A &o] Fo]& Aol dwseol FL

A= 717 Aoz ATt [ =Fo] PTFE ¥4l olyz} PBI =
dol Ase mAs JFS vl sS¢lth 7| AdAyelA PBI
vl 9F Q1iko] A=A 4AHAd 7AW (three phase boundary) &7l

7 A= GEgS gl o [36, 37] 1. Lobato & A3 Ayle] wp=w

W 3FATE[38] 1% 3.11 |4 PTFE &+ 45 wt.%= 1.73}al PBI &

5~10 wt.%= W3l g w PBI7F Ao £ IS F+= 42 &
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Current Density (mA/cm?)

1% 3.9. The polarization curves of MEAs with different wt.% in the

electrode. A number preceded by P refers to the wt.% of PTFE in the electrode.
Test conditions: 150 °C; non-humidified; ambient pressure; flow rate of H,

100 scem and air 300 sccm.
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1% 3.10. Polarization curves of MEAs prepared with and without a hot

pressing method. PTFE content: 45wt.% in the electrode. Test conditions: 150

°C; non-humidified; ambient pressure; flow rate of H, 100 sccm and air 300

scem.
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713 3.11. Polarization curves of MEAs with 5 wt.% or 10 wt.% m-PBI and

without m-PBI in electrodes. Numbers followed by P and PBI are the wt.% of
PTFE and m-PBI, respectively, in the electrode. Test conditions: 150 °C; non-

humidified; ambient pressure; flow rate of H, 100 sccm and air 300 sccm.
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3t 3.2. Single cell performance of PBI, PBI-co-PBO1 and 2 membranes.

ocVv @0.6V @0.5V
Membranes
V) (mA cm?) (mA cm?)
PBI 0.970 253 498
PBI-co-PBO1
0.973 210 463
(0.9:0.1)
PBI-co-PBO2
0.979 220 478
(0.9:0.1)
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104, ——
—e— PBI-co-PBO1 (0.9:0.1)
0.9 PBI-co-PBO2 (0.9:0.1)
S 0.8- l\
o N
g 07d N\,
= "L
g 'EE\M
0.6 - ..
'\'iﬁ-\_
e
0.5- Ty,
0.4

) ) ) ) ) )
0 100 200 300 400 500 600
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1% 3.12. The polarization curves of PBI and PBI-co-PBO1 and 2. Test

conditions: 150 °C; non-humidified; ambient pressure; flow rate of H, 100

sccm and air 300 sccm.
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1% 3.13.20 W class HTEC. Active area of MEA: 25cm?; 7 cell stack.
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1% 3.14. Cell performance of 20 W class HTPEFC at 150 °C under non-
humidified and ambient pressure. (a) Constant current operation at 5 A with
750 scem of H, and 2500 scem of air; (b) polarization curves of initial, 600,

1200 h operation.
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1% 3.15. Cell performance of 7 cells of a 20 W class HTPEFC at 150 °C
under non-humidified and ambient pressure as a function of time at 5 A with
750 sccm of H, and 2500 scem of air. (a) Initial; (b) 600 h operation; (¢) 1200
h operation (d) Current difference between the best and the worst cell of the

stack at 0.6 V in initial, 600 and 1200 h operations.
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Abstracts

Synthesis and characterization of poly(ether
sulfone) (PES) and polybenzimidazole (PBI)
derivatives for polymer electrolyte membrane fuel

cells (PEMFCs)

Hye-Jin Lee
School of Chemical and Biological Engineering
The Graduate School

Seoul National University

In this paper, synthesis and characterization of hydrocarbon
polymer electrolytes for polymer electrolyte membrane fuel cell were
investigated.

Firstly, for low temperature polymer electrolyte membrane fuel
cell, the sulfonated polymers’ morphological and electrochemical
properties were investigated. Sulfonated poly(ether sulfone)s (PESs)
with different degree of sulfonation were selected for blending
materials. Blend membrane's long-term durable properties for fuel cell

application were improved compared to pristine sulfonated polymers
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that have one sulfonation degree. Thermalgravimetric analysis (TGA),
transmission electron microscopy (TEM), ultra small angle neutron
scattering (USANS) and small angle neutron scattering (SANS) were
used for investigation of membrane morphology from nano to micro
scale. Also, fuel cell potential cycling tests were used for the durability
of the membranes. The long-term stability of the blend membrane is
quite related to its morphology which is confirmed by the analysis of
USANS and SANS. The blend membrane consists of the better-defined
interconnected nano sized ionic phases with the high specific surface
area that enhances proton conductivity and water flow. The micro
heterogeneous domain was also observed only in the blend, which can
be a structural factor to improve the mechanical stability (or durability).

Secondly, for high temperature polymer electrolyte membrane,
poly(benzimidazole-co-benzoxazole)s (PBI-co-PBO) are synthesized
by polycondensation reaction with 3,3’-diaminobenzidine, terephthalic
acid and 3,3’-dihydroxybenzidine or 4,6-diaminoresorcinol in
polyphosphoric acid (PPA) and 3,3’-diaminobenzidine, terephthalic
acid and 2,5-diamino-1,4-benzenedithiol in PPA are wused for
poly(benzimidazole-co-benzothiazole)s (PBI-co-PBT). All polymer
membranes are prepared by the direct casting method (in-situ
fabrication). The introduction of benzoxazole units (BO units) or

benzothiazole into a polymer backbone lowers the basic property and
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H3;PO4 doping level of the copolymer membranes, resulting in the
improvement of mechanical strength. The proton conductivity of
H3;PO4 doped PBI-co-PBO membranes decrease as a result of adding
amounts of BO units. The maximum tensile strength reaches 4.1 MPa
with a 10% molar ratio of BO units in the copolymer. To find the
optimum PTFE content for the catalyst layer, the PTFE ratio in the
electrodes was varied from 25 to 50 wt.%. To improve the performance
of the electrodes, PBI was added to the catalyst layer. This MEA
consisted of 8 layers (1 phosphoric acid-doped PBI membrane, 2
electrodes, 1 sub-gasket, 2 gas diffusion media, 2 gas sealing gaskets).
The sub-gasket mitigated the destruction of a highly acid-doped PBI
membrane and provided long-term durability to the fuel cell. As a
result, the H;PO4 doped PBI-co-PBO membranes could be utilized as
alternative proton exchange membranes in high temperature polymer

electrolyte fuel cells.

Keywords: sufonated polymer electrolyte membrane; proton
exchange membrane fuel cell. blend membrane; ionic channel;
specific surface area; macro heterogeneity; high-temperature

polymer electrolyte fuel cell; membrane electrode assembly;
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polybenzimidazole; poly(benzimidazole-co-benzoxazole);
poly(benzimidazole-co-benzothiazole)
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