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Synthesis of sulfonated polybenzimidazoles for polymer

electrolyte membrane

Deok Gwun Bae

Department of Polymer Engineering, Graduate School, Pukyong

National University

Abstract

We need new energy sources due to a problem with the
acceleration of exhaustion of natural resources. A fuel cell can
is one /of the ralternative energy to solve such problem. A fuel
cell can be divided into several types according 'to its
operating temperature, electrolyte, or moving conductive ions
through an electrolyte. Among such fuel cells, the Polymer
electrolyte fuel cells” (PEMFCs) is paid attention to wide and
potential “applications such as| a portable -electric /device, an
automotive and. housing purposes,-etcs Today, “studies about
proton conductive-.polymer membranes used to a polymer
electrolyte fuel «cell are concentrated in perfluoro-type
electrolyte membrane such as Nafion that has high proton
conductivity, an excellent chemical stability and a mechanical
property. However, the use of such membrane is limited owing
to high manufacturing costs, proton conductivity reduction at
high temperature, etc.

The development of new polymer electrolyte membrane with

proton conductivity is essential for overcoming such

Vi



drawbacks, so studies are focused on the development of
hydrocarbon electrolyte membrane that have the ability to
operate at high and low temperatures and low costs for these
replacements. These polymeric materials have a great variety
of chemical structure and the ability to modify chemical
structure easily with low costs. [ have synthesized
poly-benzimidazole with good mechanical properties and
thermochemical stability through many ways and investigate a
possibility as electrolyte membrane by sulfonating polymerized

results.
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hydrogen i :

electrolyte ,

oxygen electrode

k\-!_/
waste heat water

Figure 1. Fuel Cell. Similar to conventional batteries in

that the .electrode and the electrolyte. but the fuel and

oxidizer supply must continue. to generate heat and

water!
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Table 1. Types of Fuel Cells.

PEMFC PAFC AFC MCFC SOFC
Liquid Liquid
Polymer au au Molten )
Electrolyte H3PO, KOH Ceramic
membrane i . i . carbonate
(immobilized)  (immobilized)
Char ‘ ‘
arge H* H* OH CO ot
carrier
i
operating 80T 200C 60-220C 650°C 600-1000C
temperature
) ) ) . Perovskites
Catalyst Platinum Platinum Platinum Nickel ]
(ceramic)
Cell Carbon Carbon Carbon Stainless Ceramic
components based based based based based
Fuel
ue_ oL Hs,methanol Ho Hoy Ho,CHy H,,CH,4,CO
compatibility




=
R
Mo

N
2
)
%
i)
=)
re

g2XX] (PEMFC)

Flo
h—l
2‘
Kl
M
N
)
re
U
2
>
1o
=
g
=2
¥9
2
>
N
)
o2
o
kO
rOl‘
kO
P
w4 oo 12

o
el MoIM 84S He 2o 188 JHRlE nRA R

57t
SHA ot Ago = AL8E|ojZl _PEFC A|ARIZ GEAM} THE
kW2 Gemini power plant$rHé o] x]Aelo 1960 Zut

Gemini 5349 & AYPo=z AFREIQILH ©] Gemini PEFCQ]
203 =0 o] ©FA] AFRE]o]Al poly(styrene sulfonic acid)
afo] ¥ mEo] B AFHHOIULE GEol ofsf ZAE ojA
HO, 2HEjZo] et Ml 9he gzt Rofl oriuse
AS7HA] durgeg Hrof=ofx| 1 Qlck & QiR GE PEFC&
19693 Biostellite 25419 AP o= AL E[o]Rl 350kWZF9]
2-50|C}t. DupontAtoflA] A|Z% Nafion 9fo] 17X} AsjA=
AHEEloj &t} Figure 2+ Nafion¥t TF2 perfluorinated Z5f
A opo] skslx 1&g WOlECh PEFCY Akt 49
Nafion o] 7elojsl 19689 ol ¥z 7] FArElch A8
g} Z]ojZl Nafion 12002 50000 Al]7F o]/44e] Ab& AlZlo] o]
2ozt

Nafion 117 Z22]11 115= 1100 ©FE=H(equivalent weight)

S JER0 A% AEROlA S Z17E 175um 22T 115umO]



1 Nafion 1202 12009 &5 260ume] FAIS 7HAICH
Ballard Technologies Corporation2 Dow Chemicalo] ©2]3f
W=l AP perfluorinated 22 ARg5to] H7] &40
PEFC7T A" 4 e 7Hed=2 Hoixloh. PEFCY 342
Ballard Technologies Corporation®] HiA o]= Oy 7143}
Tlojgttt. o] Dow 92 oF 800%8=9 Tafut A2 AEfollA
125pum Jxo] FAE 7HXIth. E£3t Asahi Chemical Industry
S Aciplex-S A]g]=9] T8 MARH O, o= 1000~1200 A=
ol B 5F= 7N Az JENA 25~100pm FAE 71T
(71

Neosepta-F (Tokuyama) 12]1 Gore-Selet (W." L. Gore
and Associates, Inc.)S 2ZE3ISh o]gist perfluorinated ©]-&
wghato chlor-alkali A7| 23l = Qs 7de|ojFct, 8 LA}
Fp ol2fet wo] I dAr A FA2 PEFCO 3o 2 FF=
ojRlck, ol2i9t 9h2 15 Ha0/-SOsH o) el +ATES 7hA|H af
o] Aol A4t das Y A= Eh UGS 7HAY
detfoz HE=gre 107107 S/cmZHR| UEE 5 Qlot.
o]2|3t @& 9l perfluorinated 1RAL FAS T2 Adst
AR, spabA, J|AR ALg Tk et

PEFCo]l Qlo1A Algts
cathodeZ UAAXE A
of. ol 4R o8 Agtst
2= RAMY H ol Ak, =2 2EoA g

A

L IS4
o] gol4, 1au ux|Zog o MR uro] 7

ol
—_

AT, fujo
rlo
)y rir
1 =)
H
o x

9

o|r 12
M
O
e



cr Hdz 2a Agely 107 S/cm7HA] UERER|DH 2]
e oo xo|qL 9t olo] YE SESo] 2] e
of Eest 2245 "olxA =t AuHoz o] & Aaet
25 HrlgeA RS sl ARe uA LA Hs)Eo)

wo| PEFCY| A7l lold 71 Fadt 349 F shtz

)
- 100°C O]Af0) Lol o AR
- 1049 o149} 7
9o £S5 S UBSUAE ol & MBELS WA o
o] X3} xo]:q 7}A0] AFelx S Alxo] 9jct
s ok A& o Sof A
1 so mrlsteta 242 PEFCY
BE AFE €204 ook TH% PR TEAF AS
1 O d 2

(e}
Fs el neA
a

A
A

SA LA AR A
sid= o]gd 4 oot 3t FHujef A8MA| assembly 7]&0]
UA Rzt PEFCs 9ol T4 7FAYt
HeeA 1A M2 oA Al Alez g w2 o 9l



=] g
1S

A= perfluorinated 1L2AFRCH gro] #pa,

sl

o] R0z og 7}

1=
=

A
=

=]
=

29

1o

O
i

olJ

i ALt

5

SIERRLE

2
=

2 0] 2 ® e nEA A

o

<
o
iy
A

)

(o]

%



—(-CFz-CFz—);(-CFg-([:F-);
(O-CFz-?F')E—O-(CFQ-)TS'DgH
CF4

Nafion®117 m= 1, n=2, x=5-13.5, y=1000
Flemion® m=0, 1; n=1-5

Aciplex® m=0, 3; n=2-5, x=1.5-14
Dow membrane m=0, n=2, x=3.6-10

Figure 2. ~The chemical structure of perfluorinated

polymer ‘electrolyte membrane.
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Table 2. Advantage and disadvantage of PEMFC.

PEMFC advantage PEMFC disadvantage
« The highest of all fuel cell power « Expensive platinum catalyst
density « High cost of the polymer membrane
« Good driving - stopping ability and additional elements
« Portable power suitable for low « Water management requires active
temperature operation e Very poor CO and S resistance
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Figure 4. Chemical structure of polymer -electrolyte

membranes based on hydrocarbon polymers.
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Figure 6. Chemical structures of polymer electrolytes

based on acid-base polymer complexes.
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Atog w1 = poly [2,2-(m-phenylene)-5,5-bibenzimida
-zole] (polybezimidazole, PBI)& Nafion §&9°] 1 EAI=S ThA)
st7] s =Tt £7] BuAoa* pRI9] ME = AT
5% 0~100%A 2x10%~8x10" S/cmog et QIx|gt, 74
gt Brjato® st PRl 190°CoflA] &HOf 3.5%x107% S/cm
o] PEA Axmg M 4 ol PBIO o] MEEi
Aharoni @b-Litt®o]] oJs ]2 2 €Qict.

SR} sulfonated?] x|2t= perfluoropolymerse 742 PEMFC
28 nzaaiog ZjEtE]9ict of|& =0 poly(arylene' ether)s
containing phosphonic acid groups, sulfonated
polysulfones, sulfonated | polyetheretherketones ' and

sulfonated polyimideso] AAFEQITE aromatic heterocyclic

polymerst EHEst “FAMPFI JAA EAHS UERHC
phosphoric acid = sulfuric acid doped
poly[(2,2°-m-phenylene)-5,5 - bibenzimidazole] (PBI)

membranes> L2o|Al A HEHZ AwMX|} Hy/O, AuAl
Ao 134 Asfid s oAZG. =3 © PBl 9f2 =2 A+ Al
wde HERdY At =2 2504 (150°C) £2 7148 &
ddx  "Hgt 2 MgAHS  HJt.  ©st PBIE
phosphotungstic acid, silicotungstic acid and zirconium
phosphate AFetE 3 77| A9 ALAlE 2dsto vA| &+
7l stgE2 28 & 4 At FZol= donor &t acceptor 4
|

& XY PBI= 4F @7] blend membranesg A§AksH7]
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st AREH A

of| =o] the sulfonated poly (ethersulfone) / PBI
membraned} the sulfonated poly (etherether ketone) / PBI
membrane?} 9t} | PBI £2ajof sulfonic groupsg =5}
o] polybenzimidazoles®] 7|5 £4A-& PEMO|A Q] ARXjAQl &
| ng 3o Es] Z0|]E T9th. Sulfonated polybenz
-imidazolesS #H|sH= W2 Al 7HA=2 7R Qict (A) PBI

2ol A7 sulfonation (B) PBI A& $Jof| propanesultone,

i

butanesultone, ~and sodium (4-bromomethyl) benzene
-sulfonate®t 2 7l ©IFAY efst A= (¢) copoly
-condensation ~of a sulfonated aromatic diacid (e.g.,
5-sulfoisophthalic #acid and ?2-sulfotere -phthalic acid)
and a non-sulfonated aromatic diacid with an aromatic
tetraamine Al 7HA] oz 8lwslS o, OHA]Y shits £2
Aol Sl oI5 Sol, A ®iAe; & BA el RugS
2 9lom s-PBI9] sulfonation degree (SD)L AF A|of
Qlt}y. o] AFA0 &g = SDst SIPN-7|8Fo) sulfonated
polybenzimidazoles «(s=PBI=-IS)o] &&= A5t FESH
non-sulfonated polybenzimidazole (sPBI-IS0)=
4,4-sulfonyldibenzoic acid (SDBA)2} 3,3-diaminobenzidine
(DAB)9] H|wE s &vl=EAct. LFAY] Axt= FTIR, H
NMR, GPC, TGA, DMAJ] ©J3f EAEIITt =& HAl2tS 714l
E

sPBI-ISAHZ S =90 golubilities & IE X2

o B

4> 1% o

Fl

R Ed& Bo&ET}
SPBI-ISO||A] 7§AESH sulfonated membranes&9H2 =2 Qg]
Mol 25 (196°C ol4), Zust & orgAnt 54 7|48 =4
< Uepdth.  Acidic form membranes® E3t =&
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hygroscopicity& 7Fx]1L )t} s-PBI-IS2h2 PEMO]| tfjgh &y
ARl SH7F & Aol

PBI RFEAZA 11-2(120~200°C)oll Al ZAT&]= PEFCo|] gt
Adp2A = 2I)ARS 0]83t dopingHS AR slYiom 7ZHE
F714boA &4te 2 doping H Q= ©7F 0.06 S/me] Hr=&
Hoj o2 Amch 9435k e AAGE (a<ao,<nNos<Po,
<80,)
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-5-2. PBIZ o] &3 g}

PBI=t Polybenzimidazole2 3,3'-diaminobenzidinex} diph
-enyl iophthalate®] %% W02 WU, = 7o ol
o WY WS (AMY A/PNSS Soto] najstz o
amine-amide2 FJsh= Al x|gheo= Algdct. ET, PBI
= P,052F methanesulfonic acid?] &%= %= Polyphos
-phoric acid®] ¥h2 wjA|Ql isophthalic acid?}t 3,3 -diamino
-benzidineC @ st 4 QIrH®l c}= PBIe] JLx L Figure 7
of e Qe

PRI Mg, 2% 49 o (3

Y Celazole from
Celanese)?] EjZ AldA oz AfRgst A ol&ijct 7718 3]
5

o 300°C ol d( HE’ polyimides BEf oF 25°C =2)olA £
o oAl AR EAS| J[Alal 9t} PBI- |ulEE
polyamides @} polyimides ¥t § 7p Eof oHg4do] 54
o 2 &4 fiEd $F50 AREEJSUS sEskY PBIe
v]3y AE71E Sk Wo Zof ARREQISYeE, PBL ARl Fof
59 o FHHst 255 AA7] gi2o] ARl Mgt &4
ZFRIAL IR sy 24 PBIO] &&4to] & FAIE &%
& A5y PBIO thE 58&2 SH-HE ZJAA, 55 dn H
S 2Fo tier W go] gyt

kS R J. Kim ¥ 38352 P05t CHsSOsHO] F3F oA &

*}%Q Bl mHA29] 51}Ql poly [2,5-benzimidazole] (ABPBI)
S sty ABPBI 92 5 89H(P,0s2t CHsSO:HO| &
ozt E AR FREAN. 35 P05 CFSO:H ¢ CH3SOsH
o] whg miA|S Ah&sto] URE PBI (poly[2.2'- (m-phenylene)

ol
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-5,5"-bibenzimidazole])
(MEA)9] 5101 &2j2]l&

S e, 37
oI5t HAA| 2 ALG

30



N N
(T

{0,
L0

Figure 7. Structures of several PBIs.

Va

31



I-5-3. PBI 9 A&
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I -5-4. DS (Degree of sulfonation)

e ME oo sEste FJ &=+ Vario macro/micro 47|
(CHNS-0O mod. 5mg Chem90s)S A8t CHNS EAH 0 2 A
HARo R FAEN. o] AL I AE oo HA, 4, AA
oF o] FARI AEE dS

ofgfe] Aoz rt:
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m. Al S

ogk

m-1. Ao % &

3,3’-Diaminobenzidine (DABz, polymeriastion grade)%}
Polyphosphoric acid (PPA, 115%)= Aldrich A A|&E& A}
85191, monosodium salt of 2-sulphoterephthalic acid
(s-TPA, 98%), Terephthalic acid (TPA, 99+%),
4,4’ -Dicarboxydiphenyl ether (DCDPE), pentoxide/methane
-sulfonic acid (PPMA)= TCI A} A|&=& AEs5I%ioH,
Poly(ether ether ketone) (PEEK, VESTAKEEP 2000P) &
EVONIKATS] AlF2 AR&SIaL, | 2 29 EE AlfZ Junsei
AFOl A|Z& AM25F% T monosodium salt of 2-sulphotere
-phthalic acid (s=TPA, 98%)& AR& Aof stzwr &0 120°C
ol Xl AX A7l & A}83}9al, 4 4'-Dicarboxydiphenyl
ether (DCDPE)}= AHE %o 80°ColA A5 Ax A7l & ARG

stoict. T gol Agre A glo] TthE AbEsheict.
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m-2. At 7]7]

Infrared spectroscopy2 JES PX2300 FT-IR spectrometer
(JEOL Ahd7]= 43It dg2 A=A sgstoiftt. 400
MHz 'H-NMR< JNM ECP-400 (JOEL Ah& =433 1, XRD
B8 Cu Ka YAMAYE AFL35t= Philips X-Pert MPD
System 2|78 #47] (PHILIPS AHE AR&SIH. o] #4& &35
o] polybenzimidazole 2o & 3 AF X2} wfjZof Lot L=
x w3l dolwoitl XPS BAS Multitab 2000 (THERMO
VG SCIENTIFIC Ap)E AFgst¥ch TGA AL TGA 7, Pyris
(Perkin Elmer Ahz2 =AsIgtt &5 2

R

A2, 50~800°Co]| == H{ol|A] edstAiTt. A
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ic)
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m-3. PBI 3§ 2 A
M-3-1. SOPBI?] &4

100ml S vt Z2kA 3o DCDPE (1.2912g, 5mmol) 2
DABz (1.0714g, 5mmol), PPMA (22g)& ¥
oA 1607 =9F 140°ColA wyketct. €h3- &
OPBIE 4t

AojXl OPBIS - post-sulfonation ®'Ho=z SE3JF A|HA
SOPBIZ @45ttt A2 €ojxl OPBI lgd} 95wt%o] A1t
AT 10mlS 100mle] ZetA3Fo] ¥ e 5 ikt dj AA 3]
de Fol U7 La the, OPBIZt ¢ 3| 8ol D T
252 SAAZTH 2As] ga)e 8o Ao so)A M|
o & lojzl SOPBIZ IM NaOH 8o @7 Aoy 2
st 8A7)n W k. 234 AAE 2 olestd 2w A
%) 10/17F Sot 150°CollA] M2 A% A7,

u

jc;
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H,N NH,
HOOC—©—0—©-COOH .
H,N NH,

DCDPE DABz

PPMAJ 140T
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M-3-2. p-PBIo] 34

250ml 3% Z2fA 3o TAB (2.143g, 10mmol)¥t TPA
(1.661g, 10mmol), PPA (101.18g)S Y1 AA E2]7] slofA
500~700rpm®] £=2 wykott; Y3 2== offjo] ®m7|eh
ramp(GAIH 2=7HA] 225 Z2= AIRNY soak(PAH 2k
g Alske AN 7HA12 et -

Temperature profile : 120°C-ramp : 0.25h, soak : 0.5h
140°C-ramp :0.5h, soak : 1h
160°C-ramp : 0.5h, soak : 1h
180°C-ramp : 0.5h, soak : 1.75h

WIS o don Mol Y BLSEW 9lo)A] castingd!

Holl =2 AAsti IM NaOH +~&fof] g FetARIo. Sat
AR A ES AT BHEIAA AR AlA A2 24e 99
ot
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II-3-2. s-PBI9] &/

250ml 33 Z2fA 3o DABz (2.1427g. 10mmol)
2-sulphoterephthalic acid, monosodium salt (s-TPA)
(2.6818g, 10mmol), PPA (106.79g)s Y1 A4 27| st
500~700rpme] &% =2 wHtstcy ¥FS 2wl oo ®H7|sH
ramp(GAIH 227 225 Z2= AIRDY soak(PAH 2k
= #Alste AlNE 7HR| L 2735
Temperature profile : 150°C-ramp : 1lh;-soak: 2h
170°C-ramp + 0.5h, soak : 2h
195°C-ramp : 0.5h, soak :“4h
5 & oAl A=A =S 7T oA castinggt 7
22 Axstn IM NaOH 2890 &4 a7 | 58]
5 JHOIA R Al AIZAY] EA(s-PB)S

250ml H]O]E’i Oﬂ EHar- RSt skAF 40ml
oF yhAZITE &4 4 FYE
dert. 9oy 542E T2 ARG AL A7 Aedl

A Az Al A9 274(s-pPBl)E A=t
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NH;

DABz
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IV-1. DS (Degree of sulfonation) 24

Table 3& 3gdst PBI] DS & UERHTH 3HJ3SH s-PBI9]
A9l 89%0] DS7H AR v, A Ajelg
o} s-pPBIo] 9ol 50%% ] ob= DS7} ZREr}. ole}

S~

[Zrol &A7] wi=oltt. DSt =itate] WEGA[Zel TAl=
Ao Bojzict At Mgt PRI s-oPBI9 s-pPBIS A
d T8 s-PBIt 2 £A9 DSE,. 7] HaiM=E § 9 A

(o] E
AZE St BES AlA dS 7 SiH-
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Table 3. DS of synthetic PBIs.

name N(%) C(%) H(%) S(%) DS(%)
p-PBI 16.49 70.62 4.465 0 0
s-PBI 12.25 52.64 3.859 6.282 89.507
0-PBI 10.77 61.4 4.328 0 0
s-oPBI 11.71 65.22 4.208 4.351 32.523
s-pPBI 15.3 65.4 4.375 4.231 48.522
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V-2. gebgy

Figure 130|A =Z3}% polybenzimidazole?} =Z3} =X] ¢
2 polybenzimidazole?] @& 248 UEWCH 100°C o]Atd
Aol Ate Ale 2Ae 4T} £ojo] 240 fE Hom B
C}. Holxl vlo} 7o] =3} x| ote PRl oWl &ZE3)gE
PBI #fo] o w2 2LoA Fali7h =7] AlAreith =#st=rt
2 g-PBIo] 7492 A9lstl &EZ3twrt 50%0|5191 s-oPBIe}
s-pPBIo| 7 Qo|=-%=8 ®x) e PBIRE AEF Ua7} &
Al Doltth olek ol Ak x|2jof ogt PBL &&= PBI 1&

A2 et A7l 99S Sh=0 o]= benzimidazonium <F

(o]
olg A we Aog BAIFEL Jply EESEl e
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Figure 13. TGA: of synthetic PBIs.
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V-3. 2EEA

SE71¢ LZAF FARS AbolY] BREAY FEE A5 flst

FT-IR A2 &&std PBIe &&3F HA| 42 282 34
it} Figure 149} Figure 15& 600-2000cm™ 9] b4 g o
AN ERE =35} 5x] 92 PBI 9F &&35tEl PBI 9] IR AHE
d2 Wo&ch AdHE0] 1240cm 2t 1030cm™ F9o] &4

= sulfonate 7|19] tiAy} B|T)A] S-O stretching?] Ziutz
ES{,}E}[“*M*%],
1630cm™(=C=N), 1460cm™’ (imidazole 1.2]9] in-plane ®3})
Zolo] F4di= imidazole ring?] x| 2 A|QHE] QicH?0
1600cm" £9jo] §4te Hd 12| wEel ~EHZ] A5
sigstal 623cm™ 919 40 C-S AEA s 719
giAl 32]e} S-09] B2 UEi+= 1020

cm™, 730em7igi 9] Eatr = ZmslElo wlat S7tsA "ol
o|2{gt ET-IR spectral H|o|&z &Atof|A2] PBl&Ee}7t UHA]
2 phenoxy. 719} para YAoA LojdttE 2 HolFt.
Figure 162 ¢4J= PBIEC] 'H NMR spectrag UERJQICT.
7.4-7.8ppmofA]Q] peakt benzimidazole ring?] 4/dA}oj
35t s-pPBIQ} s-PBI2] 'H NMR spectrao A9t Hojx] =
8.1ppmof A 9] peake =&etd 7|7} LeH aromatic /At

7} parE gk,
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s—PBI

s=pPBI

Transmittance(%)
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Wavenumber(cm™)

Figure 14. FT-IR spectra of polybenzimidazole (p-PBI) and
sulfonated polybenzimidazole (s-PBI, s-pPBI).
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s—oPBI

0-PBI

Tansmittance(%)

T T i T T T d T T T r T s 1
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Wavenumber(cm™)

Figure 15. FT-IR spectra of polybenzimidazole (o-PBI) and

sulfonated polybenzimidazole| (s-oPBI).
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Figure 16. 'H NMR spectra of s-pPBI (top), s-PBI and
o-PBI.
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V-4. 7]eteA

IV-4-1. XRD &A

olsl Ayt:= inter-chaind} intra-chain £A7243Fe dA & &~
1 mEA ARA PAo WHe B Ak o] mue] &
Me &4 AHejd 2hk Ae] 5A] k2 2o XRD 4]

<d q
o] XRD m{&ES e, 7]E PBI AL 2R HW} A
cbetol slMo) Aupel 20=28"0llA FEsti Fo] g2 I

Boj&EH & f3sai2A e #EY I S7H Aoz
7178t A 9l gaussian HEJZ ZHR|1 FAIE|Qict dAto g
A2]" AlZ(s-pPBIQt s-PBI)9] XRD HH S TAY HHof b
3 20 O =7 9Alst= AAA gaoz ARl Lo] ZrtE H

. gl 57}

o
ol&tt. olAl2 7t E A 0i2 AFAL g vls A7
=
=

Uperac,
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Figure 17. X-ray diffraction patterns obtained from
various membranes of PBI: (a) s-pPBI, (b) p-PBI, (c)
s-0PBI, “(d) o-PBI and (e) s-PBls.
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IV-4-2. XPS &4

X-A2 AoYA] AR 4% Ee A4 R Al 4 AR
7 ARHRol & off @Sk A2 o] AR ZARd oot Ay
7R9] peak? binding ofjuX]ofA] XPS spectrum ®idt= EO0]
¢r otel=9 &/E5 UEE & lth Binding U XA o]2fgt
Hets ARgst] et 32 XPS7F 2% 0]A]+= bonding 7
YoM AgAer AES 517] fsi Bt 5-&<F 24 HAY
= Al&ste Zlojtt
p-PBI9] XPS spectrums 243t Ayt C(ls)- spectrumo]
284.87eVollA] N(1s) spectrumo] 400.18eVojA 121 o-PBI
9] XPS spectrum2 C(1s)7} 284.83eV, S(2p)7} 168.04eV,
O(1s)7F 531.89eVOollA] UERGC O, s-PBIQ] C(ls)= 284.76eV,
S(2p)= 168.04eV, O(ls)= 531.89eV 12]1 N(1s)= 398.47
7 400.42eVoA "I s-oPBIE= C(1s)7F 284.47eV, S(2p)=
167.53eV, O(ls)= 533.32eV, N(ls)= 398.41eV Y .400.38eV
oA, E3h. s-pPBI= C(ls)7} 284.7eV, ~S(2p)= 168.01eV,
O(1s)= 532.36eV, I2fal N(ls)x= 3898:56 3} 400.4eVojlAl 2zt
7 Uehd2 BojRa Qlth o]ZlS Figure 183t H|wsf T
PBIl =8} Hof Sl= g olf 2 & Ut
Figure 1804 p-PBI9 C(ls)= Al 7oz A% =dH AA
284.87eVollx] HE9] -CH3;~9 carbon peak=zZA o7|A+=
phenyl group W0 9= =C-2 & 4 900, 286.52eVoA=
=C-N9 C=& amine 7]9] 299 = C&2 & £ 91, 288.3eV
ofjA]= =C=N9| imine 7]of 9J= carbon© & AYZt=lt}t 2|11

N(1s)= F= 719] peakzZ WHRojX|=H| 398.7eVo|A imine
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(=C=N-9] =N-7]) 7]9] NI} 400.3eVofA] amine (=C-N-9] -
N-7]) 712 bt

ESH s-0oPBIQ] O(1s)= T 7R9] peak”’t UERG=0| 532.0eVY
A -SOsH 7]9] 533.4eVo|A] (-C-0-C-) 7|2 UERGT}. o]Ate]
AWES QoFsto] Figure 199 UeRHQI L, AAIeH ZatS Table
4] LrEp I

Figure 1904 < Z3t=l PBI, p-PBI®} o-PBI®] S(2p)7t
168.04eV, 168.01eVe}t 167.53eVollA  Zz+zF ueht PBI @
p-PBI¢t o-PBIVL &b AS & & QUL Table 4904 =
Z35te s-PBI, s-oPBI, s-pPBl 52 p-PBIe} o-PBI ¥t} C7t
Z¥zy 17.44%9F 12.16% ZAastdon, Aoz &Estd
0-PBIQ] N& 8.41% oA 7.35%= Zt4ASHHA], O7]= 2.05%9]
A 13.78%= F7T o 2A -SO:Na 2 =EstE 7loz A=
o},
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Figure 18. XPS spectra of @ p-PBI (C(1s), N(1s)), o-PBI
(C(1s),"'N(1s), O(1s)), © s-PBI (C(1s), N(1s), O(1s), S(2p)), ©®
s-oPBI (C(1s), -N(1s), O(1ls), S(2p)) and ® s-pPBI (C(1s),

N(1s), O(1s),-S(2p)).
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Figure "19. XPS spectra of PBIs.
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Table 4. The surface compositional data from XPS.

Sample

C (19)

XPS analysis (at%)
S(2p) 0O(1s)

N(1s)

p-PBI

0—PBI

s—PBI
s—oPBI

s—pPBI

90.04(284.87eV)
89.54(284.83eV)
72.60(284.76eV)
77.38(284.47eV)

78.93(284.70eV)

2.05(533.32eV)
3.14(168.04eV)  15.57(531.90eV)
1.49(167.53eV)  13.78(533.32eV)

1.00(168.01eV) 8.92(532.36eV)

9.96(400.34eV)

8.41(400.66eV)

2.27(398.47eV)
6.42(400.42eV)
2.45(398.41eV)
4.90(400.38eV)
3.95(398.56eV)
7.20(400.40eV)

60



ArAxo] =g s

)

|

2E
Aol A

V.
=

j

p-PBI®} s-PBI

3} A7 s-pPBI9} s-oPBIZ &H4s}aict.

s-PBI9] A2 90%°] 7Mte =

="
L

N
=
o

|

<+
ol
oju
e

AL
100

=

o

© &5t Hr7h 50%0]9 A

X

ke

2

38 71AIA

Zolc}.

T

L.

o] i
61

FE 1313 3AstE AR AA|



References

[1] Grove, W. R., On Voltaic Series and the Combination
of Gases by Platinum, London and Edinburgh
Philosophical Magazine and Journal of Science, 14, 127
(1839)

[2] Bossel, U., The Birth of the Fuel Cell, p.1835-1845
(European Fuel Cell Forum, Oberrohrdorf, Switzerland,
2000)

[3] Grove, W. R., On a Gaseous Voltaic Battery, London
and Edinburgh  Philosophical Magazine ~and Journal of
Science, 21, 417 (1842)

[4] Chen, E., History, in G. Hoogers (editor), Fuel Cell
Technology Handbook (CRC Press, Boca Raton, FL, 2003)
[5] Nadal, M. and F. Barbir, Development of a  Hybrid
Fuel Cell/Battery Powered Electric Vehicle, in D. L Block
and T. N.-Veziroglu (editors), Hydrogen Energy Progress
X, 3, 1427 (1994)

[6] T. A. Zawodzinski, C. Derouin, S. Radzinski, R. J.
Sherman, V. T. Smith, T. E. Springer and S. Gottesfeld,
]J. Electrochem. Soc., 140, 1041 (1993)

[7] D. S. Watkins, L. J. M. J. Blomen and M. N. Mugerwa,
Fuel cell systems. New York : Plenum Press, p. 493
(1993)

[8] M. Higuchi, N. Minoura and T. Kinoshita, Chem. Lett.,
2277 (1994)

62



[9] G. Frank, Proc. 2"¢ European PEFC Forum, Lucerne,
Switzerland (2003)

[10] B. Gupta, F. N. Buchi and G. G. Scherer, Solid State
Ionics, 61, 213 (1993)

[11] S. D. Flint and R. C. T. Slade, Solid State Ionics, 97,
299 (1997)

[12] J. L. Bredas, R. R. Chance and R. Silbey, Phys. Rev.
B., 26, 5843 (1982)

[13] H. Kobayashi, H. Tomita and h. Moriyama, J. Am.
Chem. Soc.; 116, 3153 (1994)

[14] F. Wang and J. Roovers, Macromolecules, 26, 5295
(1993)

[15] C. Bailly, D. ]J. Williams, F. E. Karasz and W. J.
Macknight, Polymer, 28, 1009 (1987)

[16] Z. Qi "and "P. G. Pickup, J. Chem. Soc. / Chem.
Commum., 15 (1998)

[17] T. I. “Wallowsand B. M. Novak, J-"Am. Chem. Soc.,
113, 7411 (1991)

[18] A. D. Child and J. R. Reynolds, Macromolecules, 27,
1975 (1994)

[19] T. Kobayashi, M. Rikukawa, K. Sanui and N. Ogata,
Solid State Ionics, 106, 219 (1998)

[20] A. J. Chalk and A. S. Hay, J. Polym. Sci. A., 7, 691
(1968)

[21] Z. Qi, M. C. Lefebvre and P. G. Pickup, J.
Electroanal. Chem., 459, 9 (1998)

63



[22] X. Jin, M. T. Bishop, T. S. Ellis and F. E. Karasz, Br.
Polym. J., 17, 4 (1985)

[23] J. Lee and C. S. Marvel, J. Polym. Sci. : Polym.
Chem. Ed. 22, 295 (1984)

[24] B. C. Johnson, I. Ylgor, M. Igbal, J. P. Wrightman
and J. E. McGrath, J. Polym. Sci.: Polym. Chem. Ed., 22,
72 (1984)

[25] A. Noshay and L. M. Robeson, J. Appl. Polym. Sci.,
20, 1885 (1976)

[26] M. I. Litter and C. S. Marvel, J. Polym. Sci. : Polym.
Chem. Ed., 23, 2205 (1985)

[27] M. B. Gieselman and J. R. Reynolds, Macromolecules,
25, 4832 (1992)

[28] M. B. Gieselman and J. R. Reynolds, Macromoléecules,
26, 5633 (1993)

[29] M."B. Gieselman and J. R. Reynolds, Macromolecules,
23, 3188 (1990)

[30] P. Donoso; W.: Gorecki, C. Berthier,” F. Dfendini, C.
Poinsignon and M. B. Armand, Solid State Ionics, 28, 969
(1988)

[31] G. K. R. Senadeera, M. A. Gareem, S. Skaarup and
K. West, Solid State Ionics, 85, 37 (1996)

[32] J. R. Stevens, W. Wieczorek, D. Raducha and K. R.
Jeffrey, Solid State Ionics, 97, 347 (1997)

[33] W. Wieczorek and J]. R. Stevens, Polymer, 38, 2057
(1997)

64



[34] P. N. Gupta and K. P. Singh, Solid State Ionics, 86,
319 (1996)

[35] M. A. Vargas, R. A. Vargas and B.-E. Mellander,
Electrochim. Acta., 44, 4227 (1999)

[36] R. Tanaka, H. Yamamoto, S. Kawamura and T.
Iwase, Electrochim. Acta., 40, 2421 (1995)

[37] D. Rodriguez, C. Jegat, O. Trinquet, J. Grondin and J.
C. Lasseques, Solid State Ionics, 61, 195 (1993)

[38] D. Weng, J. S. Wainright, U. Landau and R. F.
Savinell, J. Electrochem. Soc., 143, 1260 (1996)

[39] J. /C. Lassegues, B. Desbat, O. Cruege and C.
Poinsignon, Solid State Ionics, 28, 969 (1988)

[40] S. P. Weeks, J. J. Zupancic and J. R. Swedo, Solid
State Ionics, 31, 117 (1988)

[41] J. C. Lassegues and P. Colomban, Proton conductors:
solids, membranes and gels. Cambridge, UK: Cambridge
University “Press, p. 311 (1992)

[42] J.-T. Wang, S.-.Wasmus and  R.-F. Savinell, J.
Electrochem. Soc., 143, 1233 (1996)

[43] S. R. Samms, S. Wasmus and R. F. Savinell, J.
Electrochem. Soc., 143, 1225 (1996)

[44] R. F. Savinell, E. Yeager, D. Tryk, U. Landau, J. S.
Wainright, D. Weng, K. Lux, M. Litt and C. Rogers, ].
Electrochem. Soc., 141, L46 (1994)

[45] J. S. Wainright, J.-T. Wang, D. Weng, R. F. Savinell
and M. Lit, J. Electrochem. Soc., 142, L121 (1995)

65



[46] V. Mehta and J. S. Cooper, J. Power Sources, 114, 32
(2003)

[47] M. Rikukawa and K. Sanui, Prog. Polym. Sci., 25,
1463 (2000)

[48] D. Hoel and E. Grunwald, J. Phys. Chem., 81, 2135
(1977)

[49] S. M. Aharoni and M. H. Litt, J. Polym. Sci., Chem.
Ed., A3, 417 (1974)

[50] B. Xing and-O. Savadogo, J. New Mater. Electrochem.
Syst., 2, 957(1999)

[61] C./S. Marvel, ]. Macromol. Sci. ‘Rev. Macromol.
Chem,, 13, 219 (1975)

[52] M. Ueda, M. Sato and A. Mochizuki, Macromoleculer,
18, 2723 (1985)

[53] G. G. Odian, Principles of Polymerization, 3¢ Edn.,
Wiley, New York, P.168 (1991)

[54] H.-]. Kim; Sy+Y. Cho, S! J. An, Y.-C. Eun, J.-Y. Kim,
H.-K. Yoon, H.=J. Kweon and K. H: Yew, Macromol. Rapid
Commu., 25, 894 (2004)

[55] H.-J. Kim, S. J. An, J.-Y. Kim, J. K. Moon, S. Y. Cho,
Y. C. Eun, H.-K. Yoon, Y. Park, J.-]. Kweon and E.-M.
Shin, Macromol. Rapid Commu., 25, 1410 (2004)

[56] M. J. Litt, R. Ameri, Y. Wang, R. Savinell and J.
Wainwright, Mat. Res. Soc. Symp. Proc., 548, 313 (1999)
[57] Y. Wang, MS Thesis, case Western Reserve,
Cleveland, Ohio, USA (1997)

66



[68] R. F. Sanvinell and M. H. Litt, US patent 6,025,085
(2000)

[59] R. F. Sanvinell and M. H. Litt, US patent 5,716,727
(1998)

[60] J. A. Mader and B. C. Benicewicz, Macromolecules,
43, 6706 (2010)

[61] H. Xu, K. Chen, X. Guo, J. Fang and J. Yin, Polymer,
48, 5556 (2007)

[62] E. D. Powers and G. A. Serad, High performance
polymers: origin and development. New York: FElsevier,
p.355 (1986)

[63] X. Glipa, M. El Haddad, D.J. . Jones and ]. Roziere,
Solid | State Ionics, 97, 323 (1997)

[64] V. Deimede, G. A. Voyatzis, J. K. Kallitsis, L.
Quingfeng and N."]. Bjerrum, Macromolecules, 33, 7609
(2000)

[65] L. J. Bellamy, The Infra“Red Spectra of Complex
Molecules, Chapman & Hall, Londen, Great Britain, (1975)
[66] R. Bouchet and E. Siebert, Solid State Ilonics, 118,
287 (1999)

67



	Ⅰ. 서론
	Ⅰ-1. 연료 전지의 이해
	Ⅰ-2. 연료 전지의 역사
	Ⅰ-3. 연료 전지의 기본 원리
	Ⅰ-4. 연료 전지의 종류

	Ⅱ. 고분자 전해질 막 연료 전지 (PEMFC)
	Ⅱ-1. 서론
	Ⅱ-2. 높은 작동 온도가 필요한 이유
	Ⅱ-3. 고분자 전해질 막 연료 전지 (PEMFC)
	Ⅱ-4. 대체 전해질 막의 개발 현황
	Ⅱ-4-1. Sulfonated aromatic 고분자 전해질 막
	Ⅱ-4-2. Alkylsulfonated aromatic 고분자 전해질 막
	Ⅱ-4-3. Acid-base 고분자 복합체를 이용한 고분자 전해질 막

	Ⅱ-5. Polybenzimidazole의 합성
	Ⅱ-5-1. 서론
	Ⅱ-5-2. PBI를 이용한 막
	Ⅱ-5-3. PBI 막 제조
	Ⅱ-5-4. DS (Degree of sulfonation)


	Ⅲ. 실험
	Ⅲ-1. 시약 및 재료
	Ⅲ-2. 사용 기기
	Ⅲ-3. PBI 합성 및 실험
	Ⅲ-3-1. SOPBI의 합성
	Ⅲ-3-2. p-PBI의 합성
	Ⅲ-3-3. s-PBI의 합성


	Ⅳ. 결과 및 고찰
	Ⅳ-1. DS (Degree of sulfonation) 분석
	Ⅳ-2. 열안정성
	Ⅳ-3. 구조분석
	Ⅳ-4. 기타분석
	Ⅳ-4-1. XRD 분석
	Ⅳ-4-2. XPS 분석


	Ⅴ. 결론
	References


