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Abstract: Polymer electrolyte membrane fuel cells (PEMFCs) have gained much attention as eco-friendly energy
conversion devices without emission of environmental pollutant. Polymer electrolyte membrane (PEM) that can transfer proton
from anode to cathode and also prevent fuel cross-over has been regarded as a key component of PEMFCs. Although
perfluorinated polymer membranes such as Nafion® were already commercialized in PEMFCs, their high cost and toxic
byproduct generated by degradation have still limited the wide spread of PEMFCs. To overcome these issues, development
of hydrocarbon based PEMs have been studied. Incorporation of cross-linked structure into the hydrocarbon based PEM
system has been reported to fabricate the PEMs showing both high proton conductivity and outstanding physicochemical
stability. This study focused on the various cross-linking strategies to the preparation of cross-linked PEMs based on
hydrocarbon polymers with ion conducting groups for application in PEMFCs.

Keywords: polymer electrolyte membrane fuel cell, cross-linked membrane, perfluorinated polymer, hydrocarbon
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Fig. 1. Schematic diagram of polymer electrolyte mem-
brane fuel cell (PEMFC).
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Fig. 2. Chemical structures of perfluorinated polymers.

SELECT® 5°] PEMFCE 18 Hs|d gto=z A
slEo] Qths]. gHtE o R £EWIE IS =
SHA AEAS] 749 poly(tetrafluoro ethylene) 7142
2R FHd 14480 EEL IS YUOE e

perfluoro ether 3|7} @8 FXE Zk3l QUth(Fig. 2).

LWOPO

e A whe] A A4 24 AFEC B

of o] A Ad& FA3sta, o] A& Tl a0l
&o] o)Fa Hed, #EWIE TR AL
JEAHE 7HA(branched) FENS] A TFERE H o
ol 2]l Faje Mgl A 25 T FElE
e 92 A& 1~4 nm =] WA Z o)A
2AEL Aot olE L&Y Hald o) B w2
Faol2 AEAS Uehdte]. £ 2I4VE 9
g F=ashA aeAe] A FHek SV CF A%
< B T WEe] Badt B4 B Al

2)(485 kl/mo)Z <3 PEMFC &% oﬂﬁ =

4 MAS Uehdle AHe Zta oH7). kARt
SEZWE T FELSA 1A 12 19t F
& 38 9o Ao ARgo® Qs s Hho
Hl% ©7E7F PEMFCS] 3881 oA Ty oz A%
Ha glom, B fFEHo|5(T,) (120~140°C)E <l
st o] PRy ZAH BAo] A stEst
of Apgell Algto] Qrh= o] QUThs]. A A =
HoAe «FAWVE T FELSA 1849 &
3] golA FAAHLHEDC] HlEEE EAF o] 3lof o
= WA At Ao nEA dajd whe JhEstaat

e A7t sl JdE T ITHI).

|



Research of Cross-linked Hydrocarbon based Polymer Electrolyte Membranes for Polymer Electrolyte Membrane Fuel Cell ~

Table 1. Structure of Hydrocarbon based Polymers

397
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Fig. 3. Preparation of Cross-linked membrane.
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S A 23t PPA &l SPSSF 9H& HA| Al &
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9} SPSSF F3j1¢] #d7]E WHSAIA 7tal ¥ SPSSF |t
< Az THFig. 4(a)][33]. EEZ35(DS)7} 40%S! 7

mugel A 30 B A6 3, 2020

% SPSSF & 41§ SPSSF w3} nlwshe] Qa7
7} 39 MPa (dry)9llA 44 MPa (dry)Z 71418 =7}
7HE s gl E OE AT E 18R FARE
Sh5-8 &E2E712} biphenyl, 1,4-diphenoxybenzene

2E Aok 3 whes B8l vkl 7R 1
2L A vhe Alzg A7 BaEloh30,31). Si
&< poly(biphenylene disulfonic acid-co-phenylene di-
sulfonic aicd) (B20P80)S A2 PPAS}t 7} ARl bi-
phenyl? 37| 125°CE 7}d3std B20P802] o7 <&
2H710] biphenyl= 12| & (grafting) 3+ $ & 2o
2 Jj2"ete] 210°CoAlAM EAE A& 3l 7t #
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e Az S5 g
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7¥ste] Z1A1A Fg/Ado] IA| SFdEA S, atomic force
microscopes (AFM), scanning electron microscope (SEM)
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Fig. 4. Cross-linked membranes formed by various polymers and cross-linking methods: (a) Cross-linked SPSSF, (b) B20P80-
g-BP12%-210°C-3hr, (c¢) SPEEK/PBI.
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IEA7E e olew g Zg7]ke] glshy Ze 2 286t Vtus 24 9 o]2udr|Y ARE A

524 v3-& B3l Al gl 7t F2E EYshe Slate At J_#H TS Ot ZtaAE Jkal

e 1Rk F7HEQl A §lo) A e & 1T s Aty dge slusts ATEe] =
d& Boto 7t Hald s Az olF T3l A ATH36-58].

s go] £ - 334 P ES FTHAE F A A
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AEo 88 2 e Ade] At Al = S 2 Soff Mz=& Jtw MsfR 9t

olen g TAE ZYste] A¥ 1EA ANA DA B9 o]l2nd 28] AR glo] st

o tjH] FholR AEEVE HuE F FOE TAaEE TZE 59 7+ Jde PR aEA FHd Al
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Table 2. Comparison of Membrane Properties between Linear Membranes and Cross-linked Membranes Formed by Various

Polymers and Cross-linking Methods

Tensile strength

Water uptake

Ion exchange capacr[y Proton conductwlty Ref

Samples [MPa] [%] [meq g'] [mS cm’]
Linear SPSSF-40 39 74! 1.4 76*
Cross-linked SPSSF-40 44 38! 1.2 43* [33]
B20P80-g-BP12% 27 106 6.2 -
B20P80-g-BP12%-210C-3h 45 66 5.4 100° [30]
SPEEK 41 58 1.9 97°
SPEEK/PBI (20%) 60 21° 0.7 226 [34]

! Measured at 30°C, > measured at room temperature,
¢ measured at 80°C and 100% RH
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9 712 AFAE AHREA Li 52 4-carboxylphe-
nyl hydroquinoneE @A & A&t 7H54 #Hd 1
F(-ArCOOH)°] =¥ SPEEKE A|x3l1 3|==24
I5(-OH)S &3kl 1+ poly(vinyl alcohol) (PVA)
7t E ARt At A F 140°C EA2 AA
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{
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°
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=
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AE-EF] Thololl(diamine) 28715 -3 ZhalA| 2f
9 A 28-S 3l 7al ¥ QPAEKRHS Al %3t
M THFig. 5(b)][46]. 3 Park 5 BAa-84 0|54
(C=C)& Zk= 1,3-bis-(4-hydroxyphenyl)propenone (BHPP)
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Fig. 5. Cross-linked membranes prepared by various poly-
mers and chemical reactions: (a) Cross-linked SPEEK via
esterification, (b) Cross-linked QPAEK via nucleophilic
substitution, (c) Cross-linked SPAES via radical reaction
by UV irradiation.
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£ S| E ARE-S sulfonated poly(arylene ether sulfone)
(SPAES) U4 Al %3l UV 34 S &8 o5 A 1t
o] gz ¥k &8st 7t H SPAES S
SFTHFig. 5(c)][47].

2A FAEY 54 X 28718 =A% F 7}

ZFoll AREA] &7]
Faole AEES AT APl UehiAe o,
4
o

i
g g4l ofeigoz
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7171 9181 A=A 248717t 59 84S hAR B
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hydrate (DSDA) X&%H o}A}o]E(-azide) 1He] ©FA
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JH I EEZNWE TR B TtuAE AT

——71__
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i
1

oy

Q)
=
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[Fig. 6(a)][49]. C-SPAES-1 (£Z3}% = 40%) 22| 7
G ol 2877 299 JtuArt EYEel wet
o] 2w 3H-EHIEC)°] A& SPAES 9(1.749 meq g')
iH] ¢k 21% S7Hd EAS BT Faole AEE9
7% 80°C, 90% RH Z71o| A4 C-SPAES-12K150.4 mS
em')e] A& SPAES ZH117.0 mS em )R} H& 44
& UERGITE =8 vt AFE QlE 4 WSS v
3 O =4 BrblA F1E =8 - 88HE Qg
& YeERAT

ol#gt AT Yo% benzimidazoleS 7IWAE AR
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AR 77 BRI Han 5L Biko] 718437
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£
Z Z+= benzimidazoleS 7FnA| 2 AFESt] 190°C R
ol A 12412 €8] A4S B3 7lnl © SPEEK
7Hetakd tHFig. 6(b)][50]. Benzimidazole 7}m A2l 7}

EA47]7} SPEEK®] &£ZE4H](-SOsH)E QI8 4=kt
(protonation)¥|©] SPEEK Al&<] #HY 153 Friedel-
craft ¥H3-& B3 7lw FE7F =¥ SPEEK =H(C-
SPEEK)°] A|Z% At} C-SPEEK 2} benzimidazole”}
wA S gheFo] FUIghel| Wt & BAEH FE FTF
o] ZAAadtHom, IEC Hg 7HA389AT benzimidazole
ZhaAe] olmtE g0l Faole] FEAL FoA
2 223} benzimidazole 7F A1) SFeFo] 0 wt%ol Al
6.5 wt%7F 2 w744 80°C, 100% RHOIA F40]&
ATE7} Z7H209 mS em)3HE AL BT) A
ok 7k Ale] gFo] 6.5% Rk SVl EHH £E4]
(-SO;H)&} olm|thE 159 A3 497 43gow
I3 &EA47]9 o] dfe] FTHo] HAdte F4 o]
AEE7} HAase Aol ##HUATE ¢4 Kim 5
WA Z bishydroxy perfluoropolyether (PFPE)E A}-&-3}
o] 7}l ® SPAES (C-SPAES-2)2HS Al %3} THFig.
6(c)][48]. SPAESI 7Iuw S =93t7] Y3l SPAESSH
chloromethyl methyl ether®] ==Y 3K chloromethy-
lation) W& Sl LA Fol FEZMY(-CH,Cl)
I5FS =Ysiden, 22 1F°] =Y%¥ SPAES
E27 1Al PFPES] Aluty F A )8
W8-S B3 B4 7tuA7 =99 C-SPAES-2 &

om, 80°C Fenton &9 ZHo|ME A& SPAES g
o] s Akt kg BT C-SPAES-2 7H
80°C, 95% RH Z71o4 418 SPAES 2}(281.2 mS cm’)
Ho} g @e £40]2 AEE(194.8 mS cm)E H
Hou, BaA 7tuAvE S8 et A5 e
oA vRiTieke] Hekdol ¢t v HEA
(membrane electrode assembly, MEA)E A|Z§ & AA|
H 90°C, 50% RH 7oA A A5 H7lA A
SPAESE AZ3F MEA (0.85 W cm?)oll Bl&f $-<=3F 4
A%(1.17 W em?)E YERAATH
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Table 3. Comparison of Membrane Properties between Linear Membranes and Cross-linked Membranes Prepared by Different

Polymers and Cross-linkers

Tensile strength

Water uptake

Ion exchange capacity Proton conductivity

Samples [MPa] [%] [meq g'] [mS em™] Ref.
Linear SPAES-1 39 49! 1.7 1174
C-SPAES-1 71 90! 2.1 150* [49]
Linear SPEEK 62 Soluble 2.3 107°
C-SPEEK 60 27* 1.9 209° [0]
Linear SPAES-2 63 2443 2.4 2817
C-SPAES-2 59 167° 2.0 1957 [48]

! Measured at 30°C, > measured at 80°C,
solubility at 80°C, ¢ measured at 80°C and 100% RH,

(a)

OGOt OOt hat- 0-0- OOl OO0t

SPAES-N;

S04Na

3 measured at 90°C,

* measured at 80°C and 90% RH,
7 measured at 80°C and 95% RH

’ measured at 60°C and 100% RH due to its

SPAES N;

/W

NaO,§ =~
Ny

DEB (di-ethynyl cross-linker)

heating

120°C

DSDA (di-azido cross-linker)

(®)

SPEEK
+-0-OEOHO-0F0L

Benzimidazole
AN

nooc ™V WAL L
H

Heating

‘ !

50,Na
Sy ¥ e
NaOss

=0

C-SPEEK

Fig. 6. Cross-linked membranes prepared by different polymers and cross-linkers: (a) C-SPAES-1,

SPAES-2.
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Table 4. Comparison of Membrane Properties between Linear Membranes and End Group Cross-linked Membranes Formed by
Different Polymers and Cross-linkers

Samples Tensi[lf/l;;r]ength Wate;o/ll]ptake Ton exc[:lllllaer;geg _lc]apacity Proto[llln gor:i:lc]tivity Ref
Linear SPAES-3 40 540" 25 -
C-SPAES-3 44 128! - - 7]
NSFQK - 86° 2.1 160*
CSFQK - 42? 2.0 130* 58]
ESPSN 25 134° 2.5 5.3°
Az-XESPSN 51 100° 1.3 28° 3]

! measured at 60°C,

2 measured at 25°C, * measured at room temperature, * measured at 30°C and 100% RH, ° measured at 120°C and 35% RH.

(a) SH-SPAES

F FF F SOsNa F FF F
OO0 OOl O O DOl OO 250 O
F FF L N F

s Lok 3
) Heating /\/ l Z/\ (_(J%@
IR e T =N
®) C-SPAES-3
E- SFQK {

F, F, A b »
O -0 e D
/ . &

faiir §
‘\\(\r\’/\ﬂ\ s (\; 1 iﬂ
= . i V\ ) Henting }Aﬂ \/\[/\ L\L/\j{j

CSFQK
ESPSN

F FF F

)
p@@@@@@%@@q

F FFF FFEOF

SONa

N’M"’ Heating

Nadss

Az-XESPSN

Fig. 7. End group Cross-linked membranes formed by different polymers and cross-linkers: (a) C-SPAES-3, (b) CSFQK, (c)

Az-XESPSN.
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Kim 5& 4,4’-thiobisbenzenethiol > AR&-3ste] XA
]3hiE3-S 53 SPAES Ttol]l ko] &<(thiol) (-SH)”|
7} =99 thiol-terminated SPAES (SH-SPAES)S F4
TRAR AR O™, T vinyl7|E $HrEt acrylo-
polyhedral oligomeric silsesquioxane (A-POSS)E 7}al
A2 sk A W] Ho]&(-SH)719F A-POSS
Hlo| Y (vinyl)7] 7+¢] thiol-ene click ¥+-3-& T3] 2ot
o] 7}l ¥ SPAES (C-SPAES-3) 2H& Al %3} THFig.
7@)][57]. =& £Z3 (DS = 70 mol%)S ZH= SPAES
£ ALg3te] Az Ad SPAESZHE 60°C EollA 540
%] FEFFES By ARAR F5 2o ALEs)
7] AgetA] & WhH C-SPAES-3 22 95°C E-ofl A
128%2] FEFTES B 7lul 72 EYO=E Qg
g A IHE FRUsH o, C-SPAES-39HS:
AHE-3 MEAE A8 2] 33 A5 88 H =2
IEC (2.48 meq gHE U3} 90°C, 50% RH, 150 kPa2
71} T 2004 =& A A5(1.08W em” at 0.5 V)
<= YERSIT

S E VRO R S E U8 ATE Lee 5
sulfonated-fluorinated poly(arylene ether) (SFQK)®l
3-ethynylphenol= {343 X335 T3l SFQKS &
o] 'Y 1F°] =UE E-SFQKS FA4ste ol&
ol 7k dsid uhe
TZ+% B-SFQKE ¢ Ea
g JAES T3l nEA e oelY IFE Y W
F= 127t 4= = AL 53 EYEAT vt F
SFQK (CSFQK)2 AFM<S 53] 71l HA| &2 SFQK
THNSFQK) (20~50 nm)E T} Zropzl 44 G <9(5~20
nm)E st on, opxl 44 ddo=m <3|
90°C, 100% RH ZAA F40]2 FEEE NSFQK
(0.16 S ecm™)ollA] CSFQK (0.13 S em™) 2.2 7439
A%k CSFQK #H2 715 o)A -3 &2 40
AEEE FAEH A9 A8 NSFQK =¥} H] w3}
86%°A 42%= THAad T8 FTE 2 31%N4 13%
249 & BHES :

¢ Kang 52 IEAF 9o o€d o] EH
sulfonated poly(phenylene sulfone nitrile) (ESPSN)E
F4 1EAR o] gaton, EEAWIE T 44-
diazido-2,2’-stilbenedisulfonic acid disodium salt tetra-
hydrate (DADS)Z 7}ulA| 2 AMg-3te] &9 Fj~8] &
220°C A8 #4S 53l EdlolE(triazole) 150 ¥
A= s WS B3l 7k AslE 2HAz-XESPSN)S A

[o
Jo
r O
_0|£
paea
o

mugel A 30 B A6 3, 2020
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2 Blwste] 9k B - 38k S UER
Row stuAe] x3E EEL|IS EFolE IF0
Fhol olF AR ZHgste] 112, A7HE(120°C,
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