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bstract

Novel composite electrolyte membranes consisting of [EMIm](FH)nF (EMIm = 1-ethyl-3-methylimidazolium, n = 1.3 and 2.3) ionic liquids
nd fluorinated polymers were synthesized and their physical and electrochemical properties were measured under unhumidified conditions
or their application to the intermediate temperature fuel cells. The ionic conductivities of composite membrane, P(VdF-co-HFP)/s-DFBP-
FDP/[EMIm](FH)2.3F (1/0.3/1.75 in weight ratio), were 11.3 and 34.7 mS cm−1 at 25 and 130 ◦C, respectively. The open circuit voltage (OCV)
bserved for the single cell using [EMIm](FH) F composite electrolyte was ∼1.0 V at 130 ◦C for over 5 h. The maximum power density of
2.3

0.2 mW cm−2 was observed under the current of 60.1 mA cm−2 at 120 ◦C. From the high thermal stability and high ionic conductivity, the flu-
rohydrogenate ionic liquid composite membranes are regarded as promising candidates for the electrolytes of the unhumidified intermediate
emperature fuel cells.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Recently, many researches have concentrated on the poly-
er electrolyte fuel cells (PEFCs) for a wide variety of their

romising applications such as stationary power supply, electric
ehicle, power sources in space and military [1–5]. The com-
ercialization of PEFCs, however, is being hampered by several

erious obstacles such as the difficulty of water and temperature
ontrol, necessity of a large amount of expensive Pt catalyst, and
ts poisoning by carbon monoxide (CO).

Nafion® ionomer membranes have been most widely
tudied and used in PEFCs because of their excellent chemical,
hysical, and electrical properties [6,7]. The major drawback

f the Nafion® membranes, however, is that the conductivity
rops at temperatures higher than 100 ◦C due to the evaporation
f water. High cost due to the complex synthetic process

∗ Corresponding author. Tel.: +81 75 753 5822; fax: +81 75 753 5906.
E-mail address: hagiwara@energy.kyoto-u.ac.jp (R. Hagiwara).
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nd the low thermal stability at high temperatures are also
isadvantages of Nafion® for PEFC applications.

Most of these problems might be solved if PEFC could be
perated at higher temperatures than 100 ◦C without humidifi-
ation [3–5,8–11]. First, CO is competitively adsorbed on the
t anode electrocatalyst with H2. The absolute free energy of
dsorption of CO on Pt increases more rapidly with the temper-
ture elevation than that of H2. The CO tolerance of Pt, therefore,
s improved at elevated temperatures over 100 ◦C. Secondly,
igher temperature operation can simplify the thermal manage-
ent. A smaller cooling system is desirable and the generated

eat can be used effectively. Also, it increases reaction rates at
oth electrodes to improve the power generation efficiency and
ecrease the amount of Pt catalyst. Finally, the problem of water
anagement also can be solved very easily. The unhumidified
EFC do not use water, therefore, it can be operated at over

00 ◦C without deterioration of the cell performance without
ater management.
Recently, several proton conducting membranes were devel-

ped for high temperature operation, including modified

mailto:hagiwara@energy.kyoto-u.ac.jp
dx.doi.org/10.1016/j.jpowsour.2007.06.012


5 wer S

p
s
a
p

a
t
l
g
i
f
I
m
c
t
p
b

2

t
h
r
p
(
(
p

2
(

(
o
t
m
4
1
t
1
t
r
a
d

2

H
e
f
d
p
w
u
d

A
i
b
i
t
s

2

6
o
w
1
w
(
o
t
s
a
w
S
s
b
e

2

P
T
f
t
e
t
a
D
(
g
H

3

3

c
w
w
5
l
s
f

36 J.S. Lee et al. / Journal of Po

erfluorosulfonic acid (PFSA) polymer membranes, alternative
ulfonated polymers and their inorganic composite membranes,
cid–base complex membranes, and ionic liquid-based gel-type
roton conducting membranes [3,5,12–23].

From a sheer independent standpoint, we have proposed
nd reported that a fuel cell operable without humidifica-
ion can be constructed using a room temperature ionic
iquids (RTILs), 1-ethyl-3-methylimidazolium fluorohydro-
enates, [EMIm](FH)nF (n = 1.3 and 2.3) [24]. Since hydrogen
s transported via fluorohydrogenate anions, (FH)nF−, in this
uel cell, we named it fluorohydrogenate fuel cell (FHFC).
n the present paper, we prepared novel composite electrolyte
embranes consisting of [EMIm](FH)nF and polymeric matrix

ontaining sulfonate group to immobilize ILs, and measured
heir physical and electrochemical properties. The fuel cell
erformance was also investigated using these composite mem-
ranes at temperatures over 100 ◦C without humidification.

. Experimental

[EMIm](FH)nF (n = 1.3 and 2.3) were prepared according
o the previous report [25]. Poly(vinylidenefluoride-co-
exafluoropropylene) (P(VdF-co-HFP), Aldrich) and other
eagents were used as received. The sulfonated-fluorinated
oly(arylene ether) was prepared from decafluorobiphenyl
DFBP, Wako) and 4,4′-(hexafluoropropylidene) diphenol
HFDP, Aldrich) by the modified synthetic methods reported
reviously [26].

.1. The preparation of the poly(decaflouorobiphenyl-
hexafluoropropylidene)diphenol) (DFBP-HFDP)

A mixture of 3.40 g (10 mmol) of decafluorobiphenyl, 3.43 g
10 mmol) of 4,4′-(hexafluoropropylidene)diphenol, and 70 mL
f N,N-dimethylacetamide were put in a 250 mL round bot-
omed flask equipped with a condenser and stirred until the

ixture was completely dissolved. Potassium carbonate (Wako,
.14 g, 30 mmol) was added to the mixture and heated up to
60 ◦C. After 2 h of heating and stirring, the reaction mix-
ure was poured into rapidly stirred distilled water containing
wt.% of acetic acid to precipitate the polymer. The precipi-

ates were filtered and washed with distilled water until the pH
eached neutral to remove the excess potassium carbonate and
cetic acid. A white powdery DFBP-HFDP was obtained after
rying.

.2. Sulfonation and casting

The general procedure of sulfonation is as follows: DFBP-
FDP (2.0 g) was dissolved in 100 mL of chloroform in a flask

quipped with a condenser. Then, 20 times mole of fuming sul-
uric acid (30% SO3) to DFBP-HFDP was added into the flask
rop-wise and the mixture was vigorously stirred at room tem-

erature for 4 h. The sulfonated DFBP-HFDP (s-DFBP-HFDP)
as precipitated in distilled water and then filtered. To remove
nreacted sulfuric acid, the s-DFBP-HFDP was washed with
istilled water until the pH of the washed water reached neutral.

o
1
e
o

ources 171 (2007) 535–539

pale brown powdery s-DFBP-HFDP was obtained after dry-
ng. Composite membranes were prepared by casting method
y pouring the solution mixture of polymers and ionic liquids
n a Teflon dish to evaporate solvent. The thickness and size of
he membranes were varied by controlling the volume of the
olution and the diameter of the plates.

.3. Characterizations

A differential scanning calorimeter (DSC, Shimadzu DSC-
0) was employed to study the thermal transition behavior
f s-DFBP-HFDP and its composite membranes. The sample
as heated under nitrogen from room temperature to 250 ◦C at
0 ◦C min−1. The thermal stability of the composite membranes
as investigated by means of a thermogravimetric analyzer

TGA, Shimadzu DTG-60) from 50 to 600 ◦C at a heating rate
f 10 ◦C min−1 under a nitrogen atmosphere. The ionic conduc-
ivities of composite membranes were calculated from the bulk
ample impedances in the frequency range of 100 Hz to 300 kHz
t zero-phase angle. Electrochemical impedance measurements
ere performed by a frequency response analyzer (FRA, PAR-
TAT 2273) and a conductivity cell containing two stainless
teel blocking electrodes was used. The cross-section of mem-
rane electrode assembly (MEA) was investigated by a scanning
lectron microscope (SEM, Hitachi S-2600H).

.4. Preparation of MEA and single cell test

The single cell test was carried out employing GDE with
t/C catalyst (E-TEK, ELAT, Pt loading of 0.5 mg cm−2).
he ionic liquid was impregnated by brushing on the sur-

ace of GDE to improve the electrochemical contact between
he electrodes and the composite membrane. The membrane
lectrode assembly (MEA) was prepared by pressing the elec-
rode/membrane/electrode sandwich (the geometric electrode
rea was 5 cm2) under a pressure of 0.3 MPa at 100 ◦C for 5 min.
ry oxygen and hydrogen, obtained from Japan Air Gas Co.

purity 99.999%), were flowed by the rate of 30 mL min−1. Sin-
le cell tests were performed with the aid of a Hokuto Denko
Z-3000 electrochemical measurement system.

. Results and discussion

.1. Thermal properties

Thermal stabilities of fluorohydrogenate ionic liquid (FHIL)
omposite membranes were investigated (Table 1, Fig. 1). A
eight loss for P(VdF-co-HFP) is observed from 310 ◦C and
eight losses for s-DFBP-HFDP are observed from 275 and
30 ◦C (Fig. 1(a) and (b), respectively). These values are simi-
ar to those found in the previous report and the weight loss of
-DFBP-HFDP at 275 ◦C is attributed to the elimination of sul-
onic acid groups [26]. Decomposition temperatures (TDecomp)

f FHIL composite membranes are shown in Fig. 1(c). Under
00 ◦C, incorporated water within composite membrane was
vaporated. At 190–210 ◦C, the second irreversible weight loss
ccurs and the third weight losses are observed at 270–310 ◦C
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Table 1
Thermal properties of several ionic liquid composite membranes

P(VdF-co-HFP)/s-DFBP-
HFDP/[EMIm](FH)nF (n)

Tm (◦C) TDecomp (◦C)

P(VdF-co-HFP) 160 310
1/0/1 (2.3) 138 192a, 274
1/0/1.75 (2.3) 127 194a, 276
1/0/1 (1.3) 132 210a, 292
1/0/1.5 (1.3) 131 211a, 286
1/0/2 (1.3) 122 209a, 284
s-DFBP-HFDP (10/4 h) 205b 275c, 530
s-DFBP-HFDP (20/4 h) 206b 280c, 534
1/0.3/1.25 (2.3) 135, 204b 208a, 281c, 438
1/0.3/1.75 (2.3) 134, 205b 209a, 279c, 436
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In general, the ionic conductivity is proportional to the charge
carrier density and its mobility. Therefore, the ionic conduc-
a TDecomp of FHILs.
b Tg of s-DFBP-HFDP.
c TDecomp of sulfonate group.

Fig. 1(c)). The second irreversible weight loss is identified as
he decomposition of FHIL, the third one is originated from the
limination of sulfonic acid group of s-DFBP-HFDP and the
egradation of P(VdF-co-HFP) backbone. The decomposition
f s-DFBP-HFDP backbone starts lower temperature (at around
50 ◦C) than itself and it might be due to the susceptibility of
-DFBP-HFDP backbone to the decomposed FHIL.

Neat [EMIm](FH)2.3F is thermally less stable than
EMIm](FH)1.3F, releasing HF to become [EMIm](FH)nF
1.3 < n < 2.3) at lower than 130 ◦C. Interestingly, however,
here are no apparent weight decreases observed in this tem-
erature range. Moreover, TDecomp of [EMIm](FH)2.3F and
EMIm](FH)1.3F without s-DFBP-HFDP are around 190 and
10 ◦C, respectively, but in the case of [EMIm](FH)2.3F with
-DFBP-HFDP, TDecomp of [EMIm](FH)2.3F are increased sim-
lar to that of [EMIm](FH)1.3F (Table 1). From these results,
HIL is suggested to be stabilized by the interaction with the
ulfonate groups in the polymer. This result is completely dif-

®
erent from the previous report using Nafion with [BMIm]OTf
1-butyl-3-methylimidazolium triflate) [27]. In the present case,
he sulfonic acid could be transformed into a new acid with gen-
rated HF at high temperature (Scheme 1). This gives smaller n

ig. 1. TGA curves for (a) P(VdF-co-HFP), (b) s-DFBP-HFDP, and (c) P(VdF-
o-HFP)/s-DFBP-HFDP/[EMIm](FH)2.3F (1/0.3/1.75).

t
t

F
t
(
c

Scheme 1.

f [EMIm](FH)nF than 2.3 and it would cause a superior thermal
tability of FHIL at over 130 ◦C.

The DSC curves (see supplementary information) of fluoro-
ydrogenate ionic liquid (FHIL) composite membranes show
wo endothermic signals at 135 and 205 ◦C corresponding to the

elting point (Tm) for P(VdF-co-HFP) and the glass transition
emperature (Tg) of s-DFBP-HFDP, respectively. The Tm val-
es of P(VdF-co-HFP) composite membranes slightly decreased
ith increasing the amount of FHIL. This might be originated

rom the change in the solubility of P(VdF-co-HFP) to the
HILs at temperatures over 100 ◦C. However, in the case of
-DFBP-HFDP composite membranes, there was no significant
ifference by the amount of FHIL. Therefore, it is suggested
hat the sulfonate group of s-DFBP-HFDP enhances the thermal
tability of P(VdF-co-HFP) by decreasing the effect of FHIL
o the solubility of P(VdF-co-HFP) even at high temperatures.

oreover, these values are high enough to endure intermediate
emperature operation around 120 ◦C.

.2. Ionic conductivities

The ionic conductivities of composite membranes were mea-
ured. The weight ratio of P(VdF-co-HFP) and s-DFBP-HFDP
as fixed to 1:0.3 and various amounts of [EMIm](FH)nF

n = 1.3 and 2.3) were added to make composite membranes.
ivity increases with the increase of the FHIL amount and
he elevation of the temperature (Fig. 2): when the ratio of

ig. 2. Ionic conductivities of FHIL composite membranes as a function of
emperature. (a) P(VdF-co-HFP)/s-DFBP-HFDP/[EMIm](FH)2.3F (1/0.3/1.25),
b) P(VdF-co-HFP)/s-DFBP-HFDP/[EMIm](FH)2.3F (1/0.3/1.75), (c) P(VdF-
o-HFP)/s-DFBP-HFDP/[EMIm](FH)1.3F (1/0.3/0.75).



538 J.S. Lee et al. / Journal of Power Sources 171 (2007) 535–539

P
t
7
c
1
o
i
F
o
c
t
1
n
c
A
a
i
b
t
[
[
h

3

r
f

C

A

T

r
i
m
p
f
t
fl
i
3

b
a
e

F
H
a

a
r
t
i
s
i
h
g
l
a

c
H
c
t
w
o
1.0 V without humidification at 130 ◦C for over 5 h. Fig. 4
shows current-voltage and current-power curves of the sin-
gle cell using P(VdF-co-HFP)/s-DFBP-HFDP/[EMIm](FH)2.3F
(1.0/0.3/1.75) under dry H2 and O2 flow at 120 ◦C. The max-
Scheme 2.

(VdF-co-HFP)/s-DFBP-HFDP/[EMIm](FH)2.3F is 1/0.3/1.25,
he composite membrane showed ionic conductivities up to
.2 and 27.4 mS cm−1 at 25 and 130 ◦C, respectively. In the
ase of 1/0.3/1.75, it exhibits 11.3 and 34.7 mS cm−1 at 25 and
30 ◦C, respectively. These relatively high ionic conductivities
f FHIL composite membranes are due to the intrinsic high
onic conductivity of the neat [EMIm](FH)2.3F. However, the
HIL composite membranes containing over twice in the ratio
f ionic liquids to polymers could not be obtained. When P(VdF-
o-HFP)/s-DFBP-HFDP/[EMIm](FH)1.3F (1/0.3/0.75) is used,
he lower ionic conductivity is observed, for example, 2.1 and
1.0 mS cm−1 at 30 and 130 ◦C, respectively. This result is due to
ot only the small amount of FHIL but also lower intrinsic ionic
onductivity of [EMIm](FH)1.3F than that for [EMIm](FH)2.3F.
lthough the discontinuous change of the ionic conductivity

t around 1000/T = 3.1, namely, T = ∼320 K (50 ◦C) observed
n the curve (c) is not unambiguously explained now, it might
e related to the water incorporation in the membrane at lower
emperatures since [EMIm](FH)1.3F is more hygroscopic than
EMIm](FH)2.3F. The FHIL composite membranes containing
EMIm](FH)2.3F are good candidates for PEFC owing to their
igh ionic conductivities.

.3. Single cell tests of composite membranes

The electrode reactions of the FHFC operation has been
eported elsewhere [24]. The cathode, anode and total reactions
or the [EMIm](FH)2.3F fuel cell are:

athode : 1/2O2 + 6[(FH)3F]− + 2e−

→ H2O + 8[(FH)2F]− (1)

node : H2 + 8[(FH)2F]− → 6[(FH)3F]− + 2e− (2)

otal : 1/2O2 + H2 → H2O (3)

This fuel cell does not require water supply for the electrode
eaction or humidification of the electrolyte [24]. In addition, to
mprove the immobilization of ionic liquids within the poly-

eric matrix, we introduced partially sulfonated-fluorinated
oly(arylene ether) as a functional polar region of which sul-
onic acid group was expected to interact with the cation of
he ionic liquids. The sulfonic acid might be exchanged with
uorohydrogenate anion and could form new ion pair with

midazolium (Scheme 2) as in the case of [BMIm][CS] (1-butyl-
-methylimidazolium camphorsulfonate) [28].
In order to operate a PEFC, the polymer electrolyte mem-
rane should have high ionic conductivity, mechanical strength,
nd thermal stability. Some of the FHIL composite membranes
xhibit high conductivity values over 30 mS cm−1 when they

F
F
(

ig. 3. OCV of the single cell using FHIL composite membrane (P(VdF-co-
FP)/s-DFBP-HFDP/[EMIm](FH)2.3F (1/0.3/1.25)) under dry H2 and O2 flow

t 130 ◦C.

re mixed with a large amount of FHIL, however, excess FHIL
esulted in a low mechanical strength which is unsuitable for
he FC operation. Moreover, when the ratio of s-DFBP-HFDP
ncreases, it is difficult to form a good thin film. Therefore, the
ingle cell test was performed using composite membranes hav-
ng proper mechanical and thermal strengths without losing a
igh ionic conductivity. The single cell test was carried out with
as diffusion electrodes with Pt/C catalyst (E-TEK, ELAT, Pt
oading of 0.5 mg cm−2). The single cell was fed with dry oxygen
nd hydrogen at 30 mL min−1 at ambient pressure.

Fig. 3 shows the open-circuit voltage (OCV) of the fuel
ell at 130 ◦C using the composite membrane, P(VdF-co-
FP)/s-DFBP-HFDP/[EMIm](FH)2.3F (1/0.3/1.25). The single

ell exhibits OCV around 1.0 V, which is slightly lower
han the theoretical value of 1.22 V. The observed difference
ould be due to the gas crossover and the irreversible cath-
de reaction. Especially, the OCV is exhibiting approximately
ig. 4. Current–voltage and current–power curves of the single cell using
HIL composite membrane (P(VdF-co-HFP)/s-DFBP-HFDP/[EMIm](FH)2.3F
1/0.3/1.75)) under dry H2 and O2 flow at 120 ◦C.
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ig. 5. SEM micrograph of MEA by using P(VdF-co-HFP)/s-DFBP-
FDP/[EMIm](FH)2.3F (1/0.3/1.75) after the operation of fuel cell at 120 ◦C
ithout humidification.

mum power density so far obtained is 20.2 mW cm−2 at
0.1 mA cm−2. Although a potential drop increasing with the
urrent density is probably due to the cathodic polarization and
o some extent to IR drop, this result shows the availability of
HIL composite membranes as the polymer electrolyte mem-
ranes for unhumidified fuel cells operating at middle ranged
emperatures.

When the cross-section of MEA was investigated by SEM,
ood-contact between GDEs and an FHIL composite membrane
as observed, even after the operation of the fuel cell at 120 ◦C
ithout humidification (Fig. 5). While the thermal stability of

-DFBP-HFDP is strong enough to endure at this temperature,
he relatively low melting temperature of P(VDF-co-HFP) when
t is mixed with FHIL seems to improve the adhesion between
DEs and the membrane.

. Conclusions

Novel composite electrolyte membranes consisting of
EMIm](FH)nF (n = 1.3 and 2.3) and fluorinated polymers
ave been prepared and their physical and electrochemical
roperties have been studied. Polar sulfonate groups are intro-
uced to the polymer to immobilize FHIL within polymeric
atrix. These fluorohydrogenate ionic liquid-based composite
embranes showed enough thermal stabilities to operate at tem-

eratures over 100 ◦C. The ionic conductivities of the composite
embrane (P(VdF-co-HFP)/s-DFBP-HFDP/[EMIm](FH)2.3F

1/0.3/1.75)) are 11.3 and 34.7 mS cm−1 at 25 and 130 ◦C,
espectively. The OCV for the single cell using the compos-

te membranes is ∼1.0 V under dry hydrogen and oxygen flows
t 130 ◦C for over 5 h. The maximum power density achieved
s 20.2 mW cm−2 at 60.1 mA cm−2 at 120 ◦C. From their good
hysical and electrochemical properties, the FHIL composite

[
[

ources 171 (2007) 535–539 539

embranes has been proved to be a promising candidate for the
lectrolytes of unhumidified fuel cells operating at intermediate
emperatures.
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