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Abstract: Novel SILEMs were prepared by multi-stage phase separation process combined by the low temperature
phase separation (LTPS) and the high temperature phase separation (HTPS) using room temperature ionic liquids (RTILs)
which have a high ionic conductivity. PVDF and imidazolium series ionic liquids were used as membrane material and
electrolyte, respectively. To study the ion conducting properties, the SILEMs were tested using LCR meter at temperature
controlled from 30 to 130°C. Under humid conditions, with increasing temperature from 30 to 100°C, the ion conductivity
of the cast Nafion® membrane increased linearly, but then started to decrease after 100°C. However, in the case of the
SILEMs, with increasing operating temperature, the ion conductivity increased. Also, the ion conductivity behaviors of the
SILEMs were almost same, regardless of humidity. The ion conductivity of the SILEMs was 2.7x10” S/cm and increased
almost linearly up to 2.2x107 S/cm with increasing temperature to 130°C. The effects of an inorganic filler on the physical
properties of the SILEMs were studied using the SiO,. The addition of SiO, could improve the mechanical strength of the
SILEMs, though the ionic conductivity was decreased slightly.

Keywords: high temperature PEMFC, Room temperature ionic liquids, Multi-stage phase separation process, Supported
ionic liquid electrolyte membranes
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Fig. 1. Schematic diagram for experiments.
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Fig. 2. Experimental apparatus for the measurements of
ionic conductivity.
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Fig. 3. SEM photographs of the surface and the cross
section of .the novel supported ionic liquid electrolyte
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Fig. 4. Ionic conductivity of polymer electrolyte mem-
brane with different ionic liquids for membrane pre-
paration.

3. @ot & &

3.1. 13 o2 FMsHE g} Aot

AA3E o] 2 A whE AL o] 2Y & o] &3 F
FEME o] &3 AT 7YY §hE AT oS
1, 273 4EE A3 & B3 Az F I 134 AL
AEY ABS T SWE FLTANLLEAN AL &Y
9 2485& VEIFLEHN o]2Yo] FHI FE
ANDEA7} E2E BRog ARY AL 5 At
27} 11 AEY AR S B AR AR E HFEA
o2H oY EHg Ael2E AT F U
Fig. 3] BMImBF4/PVDF = 1.5 (W/Wp)ZALE |
A AL AEY 3AE 209 2R3 o) A A g
of XA 99 SEM o|HAE YERIAT 1 pm ©]
skl wg FYsty AL TRE PHoER 1A
ol s uheo tHAol FrE Ho=E HTh
E W2 HHY & FERUE EFEA ALY
oZH & F4E 4A F=3 AEE NS EEA
711 FH8E 4gS 2 wA Fo ot AgzAdE
T4 AL & AU

30,

3.2. 0|2Y B/ ¢ =Moo ME o|RFELE HE

£ imidazolium# & ©]-&
A (BMImBF4, BMImPFs, BMIMNO4S¢Fs, BMImSbF)
& o433l FYF FAHBMIMX/PVDF = 1.5, Wy
We)d A28 2702 138 o)y M)A 9L A

Membrane ]. Vol. 16, No. 4, 2006



272 HEE - YA - o

- A at20-23¢
Tp A
3] - A A
e r
b

" A

10-3 1 1 1 1
BF, NOSF, SbF, PF,

lonic liquids

Fig. 5. Ionic conductivity of different ionic liquids
(BMImX; X = BF4, PFs, NO4S¢Fs, SbFs.).

T

T

102

.;
4
2
\

T T TITHYf

BF4 /PVDF = 0.5
BF4 /PVDF = 1.0
BF4+ /PVDF = 1.5
BF4/PVDF = 2.0
105 ] i | t I 1

30 50 70 90 110 130

Temperature (°C)

Ty Ty

oB< @

Fig. 6. Ionic conductivity of polymer electrolyte mem-
brane with different ionic liquid (BMImBF4) contents.

g ol AEE &4 HAAE Fig
13} o] 2 AsfE Fe o]
A ZAR 257} F71Eel et ol eAdERE g
YT A%S A, oldd A

wold mobility (un = ¢/6znr ; g = net charge, r =
Stroke's radius, 11 = viscosity)7} Z7FE 7] wf ol o]
2AS%(0 = nqu ; n = electron concentration) #°] %
7t e RAOE Bzt o)¢h #A =71 71l
2t AALEA PVDFY 540 S718) free volume©]
AYOZH o] £AYo] B} AFEYA o] AL
7t Fhle g Bodn 42 o2 & BMImBF,
7b 23t A who] BE 2EHYNA M & o
SAET & HHY o= Fig. 59X HE Hig 2ol

wugel, A 16 @ A 4 &, 2006

X rlo
=L
[l
ox
tlo
S
N
=)
A
o
k)
o
&
L
=
2
4

AEE W3l golry] Y3 $YF 48y 2h0=
143} o] AFfA we AxsHL, 1 A3E Fig
6o JERTE A3} o]l AfA g o]
z2Ao] Z7}etdA o) RAEEE 30°ClA 4.04x107
~2.73x10" S/em, 130°CelA] 1.15x10°~2.23x10? S/em
o #He e ZE &x WA FEE AEE R
ok olEd Ade nAE o2 HaA shf o
28 24 o] ZIe] o] HEA wisfA 7t F7HE A
3, g o]2do] oA JtAA FZE FOEN
o] 2H T}l folFA o2AZE Fo| Frlshe AL
2 FFAH A, olHt 2AEE 53 nAS o]y
AefA 52 L o]2AE AR o)A} o] F
oATE AL g9 & F USth

3.3. Si0z &7l wE o|RXET 7E ¥ N vm

PEMFC®] 2= 84 (Membrane Electrode Assembly,
MEA)E +49 leaks 4 A2 H&2S& A 3
7] 8 Aol WA =g AN F 1D
Aol M A zsA Foy B AGoA Agd 143 o
< A e A 7A 5 AFAAME 10 key
em’ o149 GFHAME o] & £4 glo] FANT A%
o] FAEHAL A7 1A%} o] 29 o HEAE H
ofytth. 3tAgt uAsl ol A T rubberyd
E54& 21 Q] "ol o ddd JheiAE dEHeR
ola o] &do] FAHE EA} glo] o]E BESI]
3 1435 ol Aa uto] E/1EE AUIStI 10
o2 A APE AAEAT.

B dFME g8l 9§ o2 FA4E& ¥R s
AALEAR] PVDFS o] 2 7ho] HSIEE F7IAA
AL Folr] A F7)A 10 nm 2719 silicon
dioxide (SiO,)E filler2 #7}st%th. PVDES} o] &9
BMImBF.,E 5Y3% 24 WyWr = 1.5)3) Si0,2 A
A 182 PVDFO] thdk AFH 2 0.133~0.3007HA] A
7VekATh Si09] A wsle) wel AlzE 1FF o
2 AHA 2o o]2AET Fte Fig. 7o) JERIA
ok ZfelA Si0,9] %ol FIhgtel] wel o]



e ol2Ag o]&F 1L F4 PEMFCE u43} Jdote] ko] W o]2UEE A% 273

102 =
'
[3]
12
b 103 =
n @ sSi020.00
i Vv Si020.13
= B Si020.20
& si0:20.30
104 1 | I | | !
30 50 70 80 10 130

Temperature (°C)

Fig. 7. Ionic conductivity of SILEMs with different SiO;
contents.

102 =
£
%]
12
b 103
@ BF.15
(© BF41.5 (press)
W BF(1.5+8i0:
7/ BF41.5+Si02 (press)
10+ | ! | | { |
(a)
102 |-
e C
b L
[72]
g
]
@ BF:1.5(NH)
O BFs41.5(H)
103 W BF41.5+8i02 (NH)
G 7 BF41.5+8i02(H)
{ | H L | {

30 50 70 90 110 130
Temperature (°C)
(b)

Fig. 8. Effect of SiO, to the mechanical strength (a) and
the water stability (b) of the SILEMs (H = humid-
ification, NH = non-humidification).

mobility7} ZA3tl o] 9] o] FH =7}t Aol o]2A
EEE gaste ZAoE #FFHJT WY, 145} o] 2

107

102

10°

T !||||I|| T IIHﬂTI T TTTIT

o (Sem™)

10+
10

107

108

O

O O e O

10° L= t ] | |
30 50 70 90 110 130

Temperature (°C)

@~ Nafion 117 (NH)
~(- Nafion 117 (F + H)
~WF- BF4 1.5 (NH)

<7~ BF41.5 (H)
-J- BF41.5+8i02 0.1333 (NH)

-7 BF41.5+5i02 0.1333 (H)

~@- PVDF (NH)
~>- PVDF (H)

Fig. 9. Ionic conductivities of various polymer electrolyte
membranes as a function of temperature. (F + H = full
hydration + humidification, H = humidification, NH =
non-humidification).

A Asjd 2o NAH Fre +E Y 4PE T
3 SiOy7F 1A o] 29 A ] o] & FAA
S FAANA 7AE BE FE RG] AA FEE
A& ¢ F UAA

Fig. 8°%& SiO7} #7te 243 o] & Asid g
B AvbskA @& uAE o] AMA =g filter
paper Aole] ¥l gt ZHAE 0] 43} 20 kgdem’
Ao T Y% F o) LAEEE AT AF}E Y
wWltk 2 2% Sioy7h A7k 183 o] 29 HsjA
go] A4 o] {4 §lo] o]RAEE gho] AY
‘ﬂfi}ﬂ ARA T, 8i0,5 H7EHA ¥e AsA EM

T o] 2o %’}E‘“ﬂ o) g wet ojed=
%M ZasHE 245 AU g23bA Siot .J-%‘EP
ol Had el J|AH FxE VM AHE
AR =G & AAFEE Brstr] 98 Exad
A o] EAREE FAsA e, 1 ARE Fig 99 v
Bt ZhgRdA AEE Ao A2 Fio
‘?—hﬂi Solzte et o]RAEE ol Fkete AH

g BAAT 12 ME 8 343 34 o) 2dx §
1 TR O 2HEE ol A3t Fade AAE B
Aok 1Y Sio7h 2FE 243 o2 AsA g

Membrane J. Vol. 16, No. 4, 2006



274 WEE - A -

9 B 8i0,8 H7FsHA @2 13 o)2d Adsjd

o AT " A ST} Fol & o] FHY AR #
AEon gl Sioy7) filler2A A3 o] & A
A o YL FAANE F AL & F A

3.4. Nafion 1172} X8} ol Hali& 2o 7t&
ZTHol| 2 o|RNTE HE H|w
Fig. 99l PEMFCo| YHtA o2 AfEHe #F-Bi
A 122 Mafd 2l Nafion®# 1A3 o] & A3
A g9 Jhg 249 WE o]AEE AFE LY
YERA T A& o] 29do] X3HEA ¥e PVDF T
g o] &3 JtgH B4 2ANM G A 25 o
$ 22 o]2AEEE HYSEZH O)2AHEA uiAH
Fio] ofbd A o] oFf o] 2AET} o] Fof
& zHE}OJ & 4 Atk
7 AN A 2o A $H 3 hydrationA 7]
= i% —3— o] &3] tFRALE FLAIH o]&A
EEE 23 =% o] 2AEA wAAN £ )
A A 7171 913 Nafion 117 As)d =& A3} AZRA
7% FEol AAY A g o] g3 BFLAHE FY
27434 o]2AEEE ZAIAT. HEERAY
Nafion 117 A& =] A% FH A 2=7} F7Hg
e} o] 2AEETL F7kstthrt 100°C o] 3ol A e A3
A oA SR FaE Q3 o] xATEI} F43)
ZAaHe ARE RY2ZA 100°C o|dolA ALgg
F e A4e 3T & U F421Y Nafion
117 Aafd e A¢ 2571 F718e e o] 2H %
Tt Ftsthe AFE HolU AEE 7Y% 254
A HAHoE wff 22 ghs YERAAT
e 2 E 1733 ol Ad e o] HEA
A F8 glol= o] 2HEI} o|Fojho me} ¥
FZA8 M 2 o] o] & AT, o] #
A glo] 130°C7HA o] LARLI} ZE715H waEl 1 e
4 PEMFCZ9 -§§ 7teAd S A 4+ U

—_—

4.8 E

A A AEAQ PVDFY A2 o]
a2 AEE g B 4R ol F
Yo7t TR o= *Jfﬂ/\l%ﬂi%i
g ol HHA e AR T F

wuQl, A 16 A A 4 &, 2006

o] A og FFAHE 30°CAXNTH 130°CT
A FEAIH o] XAEEE FAT 4 257} FU
gtoll wab ghfjel A A o] 4L mobility’t F71HE
o] o]ELHEE gho| FVIEtE ARE & T UL
E3 BMImBF, o]&o] g8 Asjdrto] 743 $-4
3 o] 2AEE #E BAY. o9 A FL o] =
A BTt ME o] AEE e FAHT A 4 o
%‘?JH ?:%E*Ol Z7ME WA O RAEE o] ZrtahE
T %l%i , BMIMBF4/PVDF = 2 (Wy/Wp)
H 1 2.23x107 Slem #E BT FIENAR
of A7k A3 o] A Y o]AEE
g ZaARAT 1A} o] 29 AHF 7 J|AH A=
s} #8 AHAo] FUiHE A9E 4& F AN
oA o) AR} o) RO e 1A o] &

ol

[o5

A4 4 100°C o]del A o] 2 {4 §lo] o]
SATAHE FABIYL FLAAEE 130°C7HA] =%
7t Wl o] AR} Fhgel wel &4 PEMFC
2 8E MeAE U F T bEtA $OE o
LAEE Y B AL oJ2dL o] A 9 &
F8 Aees Ad 1A8 o]y Hajd =& AL
& 91& Zlojth
dogd

1. K. Sopian and W. R. Wan Daud, “Challenges and
future developments in proton exchange membrane
fuel cells, Wan Daud”, Renewable Energy, 31, 719
(2006).

2. D. Ly, W. Ly, C. Li, J. Liu, and J. Xu, “Proton-
conducting composite membranes derived from
poly(2,6-dimethyl-1, 4-phenylene oxide) doped with
phosphosilicate gels”, Solid State Ionics, 177, 1111
(2006).

3. S. L. Chen, A. B. Bocarsly, J. Benziger, “Nafion-
layered sulfonated polysulfone fuel cell membranes”,
J. Power Sources, 152, 27 (2005).

4. S. L. Chen, L. Krishnan, S. Srinivasan, J. Benziger,
and A. B. Bocarsly, “Ion exchange resin/polystyrene
sulfonate composite membranes for PEM fuel cells”,
J. Membr. Sci., 243, 327 (2004).

5. Q. Li, R. He, J. O. Jensen, and N. J. Bjerrum,



10.

11.

12

&2 o)]2ds 0]4F ne F4 PEMFCE uA4s} ofute] 2ho M o] 2AEE A% 275

“Approaches and recent development of polymer
electrolyte membranes for fuel cells operating above
100°C”, Chem. Mater., 15, 4896 (2003).

. C. Yang, P. Costamagna, S. Srinivasan, J. Benziger,

and A. B. Bocarsly, “Approaches and technical chal-
lenges to high temperature operation of proton ex-
change membrane fuel cells”, .J Power Sources,
103, 1 (2001).

. O. Savadogo, “Emerging membranes for electrochemical

systems Part II. High temperature composite mem-
branes for polymer electrolyte fuel cell (PEFC) ap-
plications”, J. Power. Sources, 127, 135 (2004).

. R. Savinell, E. Yeager, D. Tryk, U. Landau, J.

Wainright, D. Weng, et al., “A polymer electrolyte
for operation at temperatures up to 200°C”, J.
Electrochem. Soc., 141, 46 (1994).

. S. Malhotra, R. Datta. “Membrane-supported non-

volatile acidic electrolytes allow higher temperature
operation of proton-exchange membrane fuel cells”,
J. Electrochem. Soc., 144, 23 (1997).

G. Alberti, M. Casciola, R. Palombari, “Inorgano-
organic proton conducting membranes for fuel cells
and sensors ant medium temperature”, J. Membr.
Sci., 172, 233 (2000).

Q. Li, R. He, J. A Gao, J. O. Jensen, and N. J.
Bjerrum, “The CO poisoning effect in PEMFCs
operational at temperatures up to 200°C”, J.
Electrochem. Soc., 150, 1599 (2003).

S. M. J. Zaidi, S. D. Mikhailenko, G. P. Robertson,
M. D. Guiver, and S. Kaliaguine, “Proton con-

13.

14.

15.

16.

17.

18.

19.

ducting composite membranes from polyether ether
ketone and heteropolyacids for fuel cell applica-
tions”, J. Membr. Sci., 173, 17 (2000).

J. S. Wainright, J.-T. Wang, D. Weng, R. F.
Savinell, and M. Litt, “Acid-doped polybenzi-mid-
azoles : A new polymer electrolyte”, J. Electro-
chem. Soc., 142, 121 (1995).

P. Staiti, F. Lufrano, A. S. Arico, E. Passalacqua,
and V. Antonucci, “Sulfonated polybenzimidazole
membranes- preparation and physico-chemical char-
acterization”, J. Membr. Sci., 188, 71 (2001).

A. Schechter and R. F. Savinell, “Imidazole and 1-
methyl imidazole in phosphoric acid doped poly-
benzimidazole, electrolyte for fuel cells”, Solid
State Ionics, 147, 181 (2002).

M. A. Navarra, S. Panero, and B. Scrosati, “Novel,
ionic-liquid-based, gel-type proton membranes”, El-
ectrochem. Solid-state Lett., 8, 324 (2005).

R. F. Souza, J. C. Padilha, R. S. Goncalves, and J.
Dupont, “Room temperature dialkylimidazolium
ionic liquid-based fuel cells”, Electrochem. Commun.
5, 728 (2003).

H. J. Lee, J. S. Lee, B. S. Ahn, and H. S. Kim,
“Technology trend in ionic liquids”, J. Korean Ind.
Eng. Chem., 16, 595 (2005).

P. H. Choi, B. S. Kim, J. M. Lee, C. U. Kim. K. K.
Koo, and S. H. Lee, “Gas permeation properties of
the novel supported liquid membrane prepared by
phase separation technique”, J. Korean Ind. Eng.
Chem., 15, 99 (2004).

Membrane J. Vol. 16, No. 4, 2006



