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bstract

The two different molecular weight hyperbranched polymers (HBP(L)-PA-Ac and HBP(H)-PA-Ac) with both phosphonic acid group as a
unctional group and acryloyl group as a cross-linker at the chain ends were successfully synthesized as a new thermally stable proton-conducting
lectrolyte. The cross-linked electrolyte membranes (CL-HBP-PA) were prepared by their thermal polymerizations using benzoyl peroxide and
heir ionic conductivities under dry condition and thermal properties were investigated. The ionic conductivities of the low molecular weight CL-
BP(L)-PA membrane and the high molecular weight CL-HBP(H)-PA membrane were found to be 1.2 × 10−5 and 2.6 × 10−6 S cm−1, respectively,
t 150 ◦C under dry condition, and showed the Vogel–Tamman–Fulcher (VTF) type temperature dependence. Both membranes were thermally
table up to 300 ◦C, and they had suitable thermal stability as electrolyte membranes for the high-temperature fuel cells under dry condition. Fuel
ell measurements using a single membrane electrode assembly cell with both cross-linked membranes were successfully performed.

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

Polymer electrolyte fuel cells (PEFCs) are the most promis-
ng candidates for electric vehicles and portable electrical power
ources because they have high energy densities and high con-
ersion efficiency, and they are environmentally benign systems
1–4]. These fuel cells have typically used perfluorinated, modi-
ed perfluorinated, partially fluorinated polymer electrolytes as

he membranes to separate the electrodes and the oxygen and
ydrogen (or methanol) gas streams [5,6]. The perfluorsulfonic
cid polymer Nafion® is one of the most extensively studied
roton exchange membrane for PEFC applications. However, it

as a number of drawbacks that need to be overcome, which
re the high cost, due to its complicated system construc-
ion, the durability, and the poor performance at temperature
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bove 80 ◦C due to the loss of the water. One of the argu-
ents of the development of the new polymer electrolytes is

he necessity to operate the fuel cell at high temperature con-
itions. The operation of the fuel cell at higher temperature
han 100 ◦C is very interesting because anode catalysts poison-
ng by carbon monoxide are less important and the kinetics of
he fuel oxidation will be improved and the efficiency of the
ell should be significantly enhanced, and also the heat man-
gement will be simplified. Therefore, there has been a great
emand of low cost and thermally stable electrolyte membranes
or the high temperature PEFCs. Sulfonated aromatic polymers,
rganic–inorganic composite electrolyte membranes, and blend
f different polymers with phosphoric acid have been explored
5–10]. In the first two types of electrolytes, the ionic conduc-
ivity depends upon the presence of water. Among the blends

ith phosphoric acid, poly(benzimidazole) has been success-

ully tested in the fuel cells which were operated at temperatures
f up to 200 ◦C though long-term durability of these electrolytes
ave not been published yet [9,10]. Recently, as new poly-

mailto:itoh@chem.mie-u.ac.jp
dx.doi.org/10.1016/j.jpowsour.2007.08.030
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Scheme 1.

eric materials that are capable of fast proton conduction in
he absence of any volatile compounds and that are durable
t elevated temperatures, fully polymeric proton-conducting
embranes based on nitrogen-containing heterocycles such as

midazole, benzimidazole, and pyrazole which have in many
espects properties similar to those of water have been pre-
ared and studied [11–16]. These approaches have been studied
or applying them to the high temperature fuel cell systems
ecause the proton conduction strongly depends on the pres-
nce of the water for the sulfonated polymer systems [17]. On
he other hand, the ion-conducting phenomena have been widely
nvestigated in dry polymer systems such as combinations of
lkaline metal salts and polyethers [18–20]. Approaches to use
ry polymer systems for proton conduction may be required
t the temperature higher than 100 ◦C since the ionic con-
uction is generally cooperated with polymer chain motion.
n addition, a single proton conductor is more desirable for
voiding evaporation and/or migration of low molecular pro-
on media and acids. Recently, we prepared proton-conducting
embranes based on the hyperbranched polymers with sul-

onic acid groups [21] and the hyperbranched polymers with
hosphonic acid groups [22], and investigated their ionic con-
uctivities under dry conditions and thermal properties. For
he case of the hyperbranched polymers with phosphonic acid
roups (HBP-PA), though the presence of the phosphorous atom
n the polymer has significantly improved the thermal stability
f the polymer, phase separation phenomenon was observed in
he preparation of interpenetrated membrane by the combination
f HBP-PA with a hyperbranched polymer with acryloyl groups
HPB-Ac).

In this work, in order to suppress the phase separation and
btain the tough membrane suitable for fuel cell test, we synthe-
ized the hyperbranched polymers (HBP-PA-Ac) (Scheme 1),
hich has both phosphonic acid as a proton source and acryloyl
roups as a cross-linker in the same molecule, and investi-
ated the ionic conductivity under dry conditions and thermal
roperties for the proton-conducting cross-linked electrolyte

embrane (CL-HBP-PA) obtained by the polymerization of the
BP-PA-Ac and also we examined the fuel cell performance
f the membranes in the oxygen and hydrogen fuel cells under
on-humidified condition above 100 ◦C.

o
p
s
(

urces 178 (2008) 627–633

. Experimental

.1. Materials

The hyperbranched polymer with hydroxyl groups at the
hain ends (HBP-OH) was prepared by the polymerization
f methyl 3,5-bis[(8′-hydroxy-3′,5′-dioxaoctyl)oxy]benzoate,
nd separated into two parts, a low molecular weight
yperbranched polymer (HBP(L)-OH) and a high molecular
eight hyperbranched polymer (HBP(H)-OH), according to the
ethod reported previously [22,23], and their number-average
olecular weights (Mn) were determined by gel permeation

hromatography (GPC) (Tosoh HLC-803D with two columns
f Tosoh TSKgel Multipore HXL-M) with standard polystyrenes
s a reference and tetrahydrofuran (THF) as an eluent. HBP(L)-
H: yield, 12.76 g (80%); Mn = 4200. HBP(H)-OH: yield, 2.86 g

18%); Mn = 11,000.
Benzoyl peroxide (BPO) was purified by the recrystal-

ization from chloroform and methanol, and acrylic acid
as distilled under reduced pressure in nitrogen. N,N-
imethylaminopyridine (DMAP), dicyclohexylcarbodiimide

DCC), bromotrimethylsilane, and N,N-dimethylacetoamide
DMAc) were used as received.

.2. Hyperbranched polymers with both diethyl phosphate
nd acryloyl groups at the chain ends (HBP-PE-Ac)

The low molecular weight hyperbranched polymer (HBP(L)-
H) (3.86 g, 8.38 mmol, Mn = 4000), acrylic acid (0.61 g,
.38 mmol), DMAP (1.33 g, 10.09 mmol), and DCC (2.25 g,
0.09 mmol) were dissolved in 60 ml of dichloromethane at
oom temperature, and then stirred for 48 h under nitro-
en. Deposited dicyclohexylurea was filtered off and the
ltrate was placed under reduced pressure to remove volatile
aterials to give viscous oil. The viscous oil was puri-
ed by redissolution–reprecipitation methods using a mixture
f dichloromethane and ethanol as a solvent and isopropyl
ther as a precipitant (repeated three times), followed by a
ixture of dichloromethane and ethanol as a solvent and hex-

ne as a precipitant (repeated three times), and dried under
educed pressure to give a hyperbranched polymer (HBP(L)-
c) with acryloyl groups partially at the chain ends. The

esulting HBP(L)-Ac, 4-(diethoxyphosphorylmethyl)benzoic
cid (2.28 g, 8.39 mmol), prepared from diethyl phosphite
nd 4-(bromomethyl)benzoic acid, DMAP (1.02 g, 8.38 mmol),
nd DCC (1.73 g, 8.38 mmol) were dissolved in 60 mL of
ichloromethane at room temperature, and then stirred for 52 h
nder nitrogen. Deposited dicyclohexylurea was filtered off
nd the filtrate was placed under reduced pressure to remove
olatile materials to give viscous oil. The viscous oil was puri-
ed by redissolution–reprecipitation methods using a mixture
f dichloromethane and ethanol as a solvent and isopropyl ether
s a precipitant (repeated three times), followed by a mixture

f dichloromethane and ethanol as a solvent and hexane as a
recipitant (repeated three times), and dried under reduced pres-
ure to give a low molecular weight hyperbranched polymer
HBP(L)-PE-Ac) with both diethyl phosphate groups and acry-
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oyl groups at the chain ends as a pale yellow viscous oil. The
igh molecular weight hyperbranched polymer (HBP(H)-PE-
c) with both diethyl phosphate groups and acryloyl groups at

he chain ends was also prepared as a pale yellow highly viscous
il from HBP(H)-OH (4.88 g, 12.17 mmol) by the same method
s the procedure of synthesizing HBP(L)-PE-Ac.

HBP(L)-PE-Ac: yield, 3.37 g (69%). Mn = 4200. Acryloyl
roup content: 35% (determined by 1H NMR measurement).
R (NaCl): νCH 2938 cm−1, νC O 1720 cm−1, νC C 1596 cm−1,
P O 1240 cm−1, νC–O 1175 cm−1, νP–O 1026 cm−1; 1H NMR
DMSO-d6): δ 7.89 (d, J = 7.92 Hz), 7.40 (d, J = 7.92 Hz), 7.02
br), 6.76 (br), 6.31 (d, J = 17.2 Hz), 6.21 (dd, J = 9.2, 17.2 Hz),
.90 (d, J = 9.2 Hz), 4.35 (br), 4.19 (br), 4.07 (br), 3.93 (m),
.72–3.60 (br), 3.14 (d, JH–P = 20.8 Hz), 1.14 (t, J = 6.93 Hz);
3C NMR (CDCl3): δ 166.0 (C O), 165.9 (C O), 165.4 (C O),
59.4 (Ar), 137.1 (Ar, JC–P = 9.6 Hz), 131.6 (Ar), 131.4 (Ar),
29.8 (Ar), 129.2 (Ar), 128.5 (Ar), 128.2 (Ar), 107.9 (Ar), 106.4
Ar), 70.5 (CH2), 70.4 (CH2), 69.3 (CH2), 69.0 (CH2), 68.8
CH2), 67.4 (CH2), 63.9 (CH2), 63.8 (CH2), 63.4 (CH2), 62.0
CH2, JC–P = 6.1 Hz), 33.6 (CH2, JC–P = 137.8 Hz), 16.1 (CH3,
C–P = 6.1 Hz). Found: C%, 55.77%; H%, 6.66%.

HBP(H)-PE-Ac: yield, 4.23 g (61%). Mn = 11,000. Acryloyl
roup content: 40%.

.3. Hyperbranched polymers with both phosphonic acid
nd acryloyl groups at the chain ends (HBP-PA-Ac)

HBP(L)-PE-Ac (2.62 g, 4.48 mmol, Mn = 4200) was dis-
olved in 70 mL of dichloromethane, and into the solution
as added slowly bromotrimethylsilane (2.0 mL, 15.0 mmol) by
sing a syringe and then the mixture was stirred under nitrogen
or 19 h. The reaction mixture was placed under reduced pressure
o remove solvent to give a viscous residue, to which was added
0 mL of methanol and then stirred for 18 h. The resulting solu-
ion was placed under reduced pressure to remove the solvent
nd give a residue as a pale yellow highly viscous oil, which
as dissolved in a small amount of N,N-dimethylformamide

DMF). The resulting solution was poured into a large amount
f isopropyl ether to deposit the product, which was purified in
hree cycles of a dissolution–reprecipitation method. DMF and
sopropyl ether were used as a solvent and a precipitant, respec-
ively, and finally washed with isopropyl alcohol and dried under
educed pressure to give a low molecular weight hyperbranched
olymer (HBP(L)-PA-Ac) with both phosphonic acid and acry-
oyl groups at the chain ends as pale yellow viscous oil. The
igh molecular weight hyperbranched polymer (HBP(H)-PA-
c) with both phosphonic acid and acryloyl groups at the chain

nds was also prepared as pale yellow solids from HBP(H)-PE-
c (4.42 g, 7.69 mmol) by the same method as the procedure of

ynthesizing HBP(L)-PA-Ac.
HBP(L)-PA-Ac: yield, 2.05 g. IR (NaCl): νOH 3416 cm−1,

CH 2938 cm−1, νC O 1718 cm−1, νC C 1598 cm−1, νP O
277 cm−1, νC–O 1176 cm−1, νP–O 1011 cm−1; 1H NMR

DMSO-d6): δ 7.85 (d, J = 7.59 Hz), 7.36 (d, J = 7.59 Hz), 7.01
br), 6.74 (br), 6.34 (d, J = 17.3 Hz), 6.21 (dd, J = 9.6, 17.3 Hz),
.36 (d, J = 9.6 Hz), 4.33 (br), 4.18 (br), 4.05 (br), 3.72–3.57
br), 3.04 (d, JH–P = 22.1 Hz); 13C NMR (DMSO-d6): δ 165.7

m
t
I

urces 178 (2008) 627–633 629

C O), 165.6 (C O), 165.3 (C O), 159.6 (Ar), 140.4 (Ar,
C–P = 9.5 Hz), 131.7 (Ar), 131.4 (Ar), 129.8 (Ar), 128.9 (Ar),
28.2 (Ar), 127.5 (Ar), 107.7 (Ar), 106.0 (Ar), 70.1 (CH2),
9.8 (CH2), 68.9 (CH2), 68.2 (CH2), 67.5 (CH2), 67.3 (CH2),
4.3 (CH2), 64.2 (CH2), 63.7 (CH2), 63.5 (CH2), 35.6 (CH2,
C–P = 138.9 Hz). Found: C%, 53.25%; H%, 6.31.

HBP(H)-PA-Ac: yield, 3.11 g.

.4. Preparation of the cross-linked electrolyte membranes

A given amount of the HBP(L)-PA-Ac or the HBP(H)-PA-
c was dissolved in DMAc to obtain the 50 wt.% HBP-PA-Ac

olution, and then to the solution were added a BPO (3 wt.%
f HBP polymer) as a radical initiator and a fumed silica
SiO2, 10 wt.% of HBP polymer) as a thickener. The result-
ng viscous suspension was poured on a parting agent-coated
oly(ethyleneterephthalate) (PET) sheet, spread with doctor
lade to get a constant thickness membrane, and DMAc was
vaporated slowly at 100 ◦C for 24 h to prepare a casting mem-
rane. Finally, the membrane was dried and cross-linked by
eating at 120 ◦C for 48 h. The dried membranes were peeled
rom the parting agent-coated PET sheet to obtain the film of
5 �m thickness, and then stored inside the glove box.

.5. Measurements

The ionic conductivities were determined by using ac
mpedance method on a Autolab PGSTAT30 (Eco Chemie)
ontrolled by a personal computer. The polymer electrolyte sam-
les (13 mm in diameter and approximately 95 �m thick) were
ut into two identical platinum blocking disk electrodes with a
eflon® spacer for ensuring the membrane thickness. The elec-

rodes were held in a semi-open PTFE cell with stainless steel
lectrodes. The impedance measurements were carried out from
Hz to 1 MHz in the temperature range of 80–150 ◦C. All cell
reparation and the measurements were performed under argon
tmosphere (dew point < −85 ◦C).

The thermal stability of the cross-linked electrolyte mem-
rane was investigated using thermogravimetric analysis with a
G/DTA 6200 instrument (Seiko Instruments Inc.). The samples
ere weighted, loaded in a Pt pan, and heated from 50 to 500 ◦C

t a heating rate of 10 ◦C min−1 under air (200 mL min−1). Alu-
inium oxide powder was used as a reference material. The

ifferential scanning calorimetry (DSC) measurement was per-
ormed using a DSC 6200 differential scanning calorimeter
Seiko Instruments Inc.). The samples were sealed in Au-coated
tainless steel pans under argon atmosphere, and scanned from
100 to 150 ◦C with a scanning rate of 10 ◦C min−1.
Equivalent weight (Ew) of phosphonic acid function for the

ross-linked electrolyte membranes was determined from phos-
horous content by using inductively coupled plasma (ICP)
ethod. The measurement was performed using a Inductively
oupled Plasma SPS-1700HVR (SII NanoTechnology Inc.).
The fuel cell measurement was carried out with a single
embrane electrode assembly (MEA) cell. Gas diffusion elec-

rodes with 20 wt.% Pt loading (Pt/Vulcan XC-72, Electrochem
nc., Massachusetts) were used to prepare to the MEA. The
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(1) [24–26]:

σ(T ) = AT−1/2 exp

(
− B

T − T0

)
(1)
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ctive area for the anode and cathode was 9 cm2. A membrane
as sandwiched between the two electrodes, and the resulting
EA was pressed at 10 kg cm−2 at room temperature. Polar-

zation (I–V) performances were determined by a potential scan
sing a Solartron 1260 electrochemical station with a scanning
ate of 20 mV s−1 under a flow of dry H2 (100 mL min−1)/O2
100 mL min−1).

. Results and discussion

.1. Preparation of the hyperbranched polymers with both
hosphonic acid and acryloyl groups at the chain ends
HBP-PA-Ac) and the cross-linked electrolyte membranes
CL-HBP-PA)

The hyperbranched polymers with both phosphonic acid and
cryloyl groups at the chain ends (HBP-PA-Ac) were success-
ully synthesized according to a synthetic route as shown in
cheme 2.

The hyperbranched polymer with hydroxyl groups at the
hain ends (HBP-OH) was synthesized from methyl 3,5-
is[(8′-hydroxy-3′,6′-dioxaoctyl)oxy]benzoate monomer by the
ame method as the procedure reported previously [22,23],
nd they were separated into two parts, low molecu-
ar weight polymer fraction (HBP(L)-OH, Mn = 4200) and
igh molecular one (HBP(H)-OH, Mn = 11,000), by the
edissolution–reprecipitation method using THF as a solvent
nd methanol as a precipitant. The low molecular weight
PB(L)-OH and the high molecular weight HBP(H)-OH
ere reacted with acrylic acid in the presence of DCC and
MAP at room temperature to give the HBP(L)-Ac and the
BP(H)-Ac, respectively, as yellow highly viscous oils. The
btained HBP(L)-Ac and HBP(H)-Ac were reacted with 4-
diethoxyphosphorylmethyl)benzoic acid in the presence of
CC and DMAP at room temperature to give the HBP(L)-
E-Ac in a 69% yield and the HBP(H)-PE-Ac in a 61%
ield, respectively, as yellow highly viscous oils. The reactions
f the HBP(L)-PE-Ac and the HBP(H)-PE-Ac with bro-
otrimethylsilane, followed by solvolysis in methanol, afforded

he hyperbranched polymers (HBP(L)-PA-Ac and HBP(H)-PA-
c) with both phosphonic acid groups and acryloyl groups

t the chain ends as pale yellow solids, which were purified
y dissolution–reprecipitation method using DMF as a sol-
ent and isopropyl ether a precipitant, respectively, and finally
ashed with isopropyl alcohol. Acryloyl group contents of the
BP(L)-PA-Ac and the HBP(H)-PA-Ac were determined by

H NMR measurement to be 35 and 27%, respectively. Both
olymers (HBP(L)-PA-Ac and HBP(H)-PA-Ac) are soluble in
MF, N,N-dimethylacetoamide (DMAc), and dimethylsulfox-

de, but insoluble in benzene, chloroform, THF, isopropyl ether,
ethanol, ethanol, acetonitrile, and water.
Equivalent weights (Ew) of the HBP(L)-PA-Ac and the
BP(H)-PA-Ac were determined from phosphorous content by
sing inductively coupled plasma (ICP) method to be 1140 for
he HBP(L)-PA-Ac and 1350 for the HBP(H)-PA-Ac, respec-
ively.

F
t

urces 178 (2008) 627–633

The cross-linked electrolyte membrane (CL-HBP-PA) could
e formed by solvent casting technique on parting agent-coated
ET sheet at room temperature, and by the cross-linking reac-

ion using BPO as a radical initiator. On this solvent casting,
0 wt.% fumed silica as a thickener was added to the HBP-
A-Ac solution in DMAc to obtain a large size homogeneous
lm with a given thickness. Without addition of fumed silica,
e failed to prepare large size membranes suitable for fuel cell

est. Moreover, although the formation of the cross-linked mem-
ranes by solvent casting on the glass plate without fumed silica
as possible, we filed to peel them without break.

.2. Ionic conductivities

The temperature dependence of the ionic conductivities
or the CL-HBP(L)-PA and the CL-HBP(H)-PA membranes
t the temperature range of 80–150 ◦C was shown in Fig. 1.
onic conductivities of both electrolyte membranes were found
o be 1.2 × 10−5 S cm−1 for the CL-HBP(L)-PA membrane
nd 2.6 × 10−6 S cm−1 for the CL-HBP(H)-PA membrane,
espectively, at 150 ◦C under dry condition. Both the CL-
BP(L)-PA and the CL-HBP(H)-PA membranes showed lower

onic conductivities by about one order than the correspond-
ng hyperbranched polymers without acryloyl groups (10−4 to
0−5 S cm−1 at 135 ◦C) reported previously [22]. This is due to
lower content of the phosphonic acid groups, that is, the loss in

he carrier number caused by the replacement of phosphonic acid
roups with the acryloyl groups into the same molecule. Ionic
onductivity data of the both electrolyte membranes were inter-
reted well using the Vogel–Tamman–Fulcher (VTF) equation
ig. 1. Arrhenius plots of the ionic conductivity for the CL-HBP(L)-PA (♦) and
he CL-HBP(H)-PA (�) membranes.
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eme 2
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here σ and T are the ionic conductivity and the absolute tem-
erature, respectively. A, B and T0 are the fitting parameters
nd correspond to carrier ion number, activation energy, and

he temperature where the free volume vanishes, respectively.
TF parameters were summarized in Table 1. The observation
f the VTF type behavior indicates that the proton conduction
n the electrolyte membranes is cooperated by polymer chain

o
p
f
H

.

otion. And also, the CL-HBP(L)-PA membrane showed the
igher ionic conductivity than the CL-HBP(H)-PA membrane,
hich is due to the larger A value, corresponding to number

f carrier protons, for the CL-HBP(L)-PA membrane in com-
arison with the CL-HBP(H)-PA membrane and the smaller
ree volume for the CL-HBP(H)-PA membrane than the CL-
BP(L)-PA membrane as shown in the higher glass transition
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Table 1
VTF parameters obtained by fitting the ionic conductivity data to Eq. (1)

Electrolyte membranes A (S cm−1 K−1/2) B (K) T0 (K) R2

C
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C
much lower than the theoretical value of 1.23 V. The reason
for the low OCV might be related to gas cross-over or inter-
nal micro-short circuit due to poor mechanical strength of the
membranes. However, the poor electrochemical active surface
L-HBP(L)-PA 2.68 1953 213 0.999
L-HPB(H)-PA 0.34 1683 231 0.999

emperature of the CL-HBP(H)-PA membrane as described in
ater.

.3. Thermal properties

DSC measurement was carried out at the temperature range of
100 to 150 ◦C for the CL-HBP(L)-PA and the CL-HBP(H)-PA
embranes under argon. DSC traces of the CL-HBP(L)-PA and

he CL-HBP(H)-PA were shown in Fig. 2, indicating that they
re completely amorphous. The Tgs were found to be 26.8 ◦C for
he CL-HBP(L)-PA membrane and 38.8 ◦C for the CL-HBP(H)-
A membrane, respectively. Lower ionic conductivity observed
or the CL-HBP(H)-PA membrane in comparison with the CL-
BP(L)-PA membrane might be ascribed to the higher Tg of

he CL-HBP(H)-PA membrane, that is, the reduction of free
olume in the CL-HBP(H)-PA membrane as observed in poly-
er electrolytes composed of poly(ethylene oxide) (PEO) and
EO-related polymers with lithium salts [18–20].

TG measurement was carried out under air to investigate the
hermal stability for the CL-HBP(L)-PA and the CL-HBP(H)-PA

embranes. The TG traces for both electrolyte membranes were
hown in Fig. 3, where the polymers showed a two-stage decom-
osition and began to decompose at the temperature of about
00 ◦C. They have much better thermal stability than the hyper-
ranched polymer with sulfonic acid groups reported previously
21], and such high thermal stability is due to the phosphorous
toms present in the polymers. The weight loss in the tempera-
ure range of 300–400 ◦C amounted to 40%, which corresponded
pproximately to the weight percent of the ethylene oxide chain
nit in the polymers, indicating that the decomposition might

ake place an ether chain in the polymers. Anyway, it is sure that
hey have suitable thermal stability as electrolyte membranes for
he high-temperature fuel cell under dry conditions.

ig. 2. DSC traces of the CL-HBP(L)-PA (—) and the CL-HBP(H)-PA (– – –)
embranes under argon.

F
C
u
u

ig. 3. Thermogravimetry traces of the CL-HBP(L)-PA (—) and the CL-
BP(H)-PA (– – –) membranes under air.

.4. Fuel cell measurement

The polarization (I–V) characteristics of the CL-HBP(L)-
A and the CL-HBP(H)-PA membranes were measured using
test fuel cell. The voltage profiles observed at cell temper-

ture of 150 ◦C under non-humidified conditions were shown
n Fig. 4. Dry hydrogen and dry oxygen gases were used as
he fuel and the oxidant, respectively. The fuel cell using the
L-HBP(L)-PA membrane showed larger current density than

hat of the cell using the CL-HBP(H)-PA membrane. This result
grees with the fact that the conductivity of the CL-HBP(L)-PA
embrane was higher than that of the CL-HBP(H)-PA mem-

rane. The open-circuit voltages (OCV) were obtained to be
.76 V for the CL-HBP(L)-PA membrane and 0.53 V for the
L-HBP(H)-PA membrane, respectively. Both OCV values are
ig. 4. The current vs. voltage characteristics of test fuel cells at 150 ◦C using the
L-HBP(L)-PA (—) and CL-HBP(H)-PA (– – –) membranes as an electrolytes
nder non-humidified conditions. Dry hydrogen gas and dry oxygen gas were
sed as fuel and oxidation gas, respectively.



er So

a
t
e
a
b
e
i
t
u
b
t
d

4

b
h
u
H
t
c
t
(
z
w
w
a
c
d
a
t
d
e
w
t
d

R

[

[

[

[
[

[
[
[

[

[

[

[

[

T. Itoh et al. / Journal of Pow

rea is also presumed due to inexistence of the electrolyte in
he electrodes. This might influence the lower OCV too. In gen-
ral, cell performance is affected by a variety of factors such
s the MEA technique used, ionic conductivity of the mem-
ranes, the degree of the cross-linking in the membranes, and the
lectrochemical reaction at the three-phase boundary. Although
t is necessary to improve and optimize these factors in order
o attain the better cell performance, successful fuel cell test
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ased on the concept of the proton conduction coupled with
he polymer chain motion under non-humidified conditions was
emonstrated.

. Conclusion

We investigated the anhydrous proton-conducting mem-
ranes for use in the polymer electrolyte fuel cells at
igh temperature. We synthesized the two different molec-
lar weight hyperbranched polymers (HBP(L)-PA-Ac and
BP(H)-PA-Ac) with both phosphonic acid group as a func-

ional group and acryloyl group as a cross-linker at the
hain ends as a new thermally stable proton-conducting elec-
rolyte, and obtained the cross-linked electrolyte membranes
CL-HBP-PA) by their thermal polymerizations using ben-
oyl peroxide. The ionic conductivities of the low molecular
eight HBP(L)-PA-Ac membrane and the high molecular
eight HBP(H)-PA-Ac membrane were found to be 1.2 × 10−5

nd 2.6 × 10−6 S cm−1, respectively, at 150 ◦C under dry
ondition, and showed the VTF type temperature depen-
ence. Both membranes were thermally stable up to 300 ◦C,
nd they had suitable thermal stability as an electrolyte in
he polymer electrolyte fuel cell operating under dry con-
ition. Fuel cell measurements using a single membrane

lectrode assembly cell with both cross-linked membranes
ere successfully performed. The possibility of approaches

o use dry polymer system for the proton conduction was
emonstrated.
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