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bstract

We present a method for fabrication of poly(benzimidazole)/porous poly(tetra fluorocarbon) (PTFE) composite membranes. A coupling agent
ontaining perfluorocarbon sulfonic acid ionomer is used as an interface between PTFE and poly(benzimidazole) (PBI), which contained –NH
roups. The porous PTFE substrate was impregnated with a diluted PFSI coupling agent solution. The optimum concentration of the coupling
gent solution was that the concentration of coupling agent was just high enough to cover the surface of the fibers of the porous PTFE substrate
embranes. The PBI solutions were then fabricated onto the PTFE membranes containing the coupling agent to prepare the proton exchange
omposite membranes. The PBI/PTFE composite membrane had a film thickness of ∼22 �m and thus a lower proton resistance than a PBI
embrane with a film thickness of ∼100 �m. The PEMFC single cell tests showed that PBI/PTFE composite membrane had a better performance

han PBI.
2006 Elsevier B.V. All rights reserved.
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. Introduction

It is generally accepted that polymer electrolyte membrane
uel cell (PEMFC) presents an attractive alternative to traditional
ower sources, due to high efficiency and low-pollution. In a
EMFC, the proton-conducting membrane is located between

he cathode and anode and transports protons formed near
he catalyst at the hydrogen electrode to the oxygen electrode
hereby allowing external current to be drawn from the cell.
he membranes for high performance PEM fuel cells have to
eet the following requirements [1]: (1) low cost material;

2) high proton conductivity; (3) good water uptake; (4) low
as permeability; (5) reliable durability. Nafion (trade name

f the DuPont Co) membrane is a successful proton exchange
embrane (PEM) and a fast proton-conducting separator in

he PEMFC, which has been proven to have excellent perfor-
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ance at temperatures below 90 ◦C using hydrogen as fuel [2].
owever, the requirement of high humidity for its sulfonated

ide chains to conduct protons, causes problems in PEMFC
perations at temperatures higher than 90 ◦C, due to the high
vaporation of water and low humidity of Nafion membranes.
lthough it had been reported that a Nafion-based PEMFC

howed good performance while operating at 120–150 ◦C with
humidifier to raise the humidity of the membrane (>50% rel-

tive humidity), it is impractical from a system point of view to
perate the fuel cell with a humidifier, which causes a complex
ystem design [3].

In the past decade, researchers [4–10] have made efforts
o develop hydrocarbon membranes for PEMFCs working at
igh temperatures (100 ◦C < Temp < 200 ◦C). One of the most
rominent membranes is PBI (polybenzimidazole) doped with
hosphoric acid [5], in which phosphoric acid acts as the proton-
onducting carrier and no water is needed for proton conduction
n the membranes. Thus PEMFCs using PBI doped with phos-

horic acid as the proton-conducting separators are available to
ork at high temperatures (100 ◦C < Temp < 200 ◦C) in a low
umidity environment [5,9,10]. The advantages of high temper-
ture working PEMFCs are [2]: (1) lower CO adsorption on
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he catalysts leading to lower CO poisoning of catalysts, thus
higher efficiency of catalysts; (2) lower heat exchange area

eeded to dissipate excess heat; (3) the electrochemical reaction
roduct, i.e. water, is easier to be evaporated at higher tempera-
ures, thus easier water management. The lower CO adsorption
n the catalyst at higher temperatures leads a fuel cell easier to
e operated with a liquid fuel reformer, which for kinetic rea-
ons is run at a high temperature, yielding a significant amount of
O. The lower heat exchange area and easier water management

esults in a simpler design for such fuel cell systems.
The high cost of the cell components is the main impedi-

ent to the commercialization of PEMFCs. One of the primary
ontributors to the PEM fuel cell’s high cost is the Nafion and
BI membrane. Recent research reports have shown that cost
eduction can be realized by replacing the Nafion membrane by
poly(tetrafluoroethylene) (PTFE)-based composite membrane

11–23]. Composite membranes may be prepared by impregna-
ion of a low cost microporous supporting material, i.e. porous
TFE, with a Nafion solution. It is important to note that the
omposite membranes contain much less expensive Nafion resin
han the commercial Nafion membranes, such as Nafion-117 (in
hickness of 175 �m), Nafion-115 (in thickness of 125 �m), and
afion-112 (in thickness of 50 �m), thus the cost of compos-

te membranes is much lower than that of the commercial PFSI
embranes.
In this paper, we report the preparation of a PBI/PTFE com-

osite membrane. Perfluorosulfonic acid ionomer (PFSI) was
sed as a coupling agent of PTFE and poly(benzimidazole)
PBI), which contained –NH groups. The porous PTFE substrate
as impregnated with a diluted PFSI coupling agent solution.
he optimum concentration of the coupling agent solution is that

he concentration of coupling agent is just high enough to cover
he surface of the fibers of porous the PTFE substrate mem-
ranes. The PBI solutions were then fabricated onto the PTFE
embranes containing the coupling agent to prepare the pro-

on exchange composite membranes. The PBI/PTFE composite
embrane had a film thickness of 20–22 �m and thus a lower

roton resistance than a PBI membrane with a film thickness
f 80–100 �m. PFSI is comprised of a perfluorocarbon main
hain, which is compatible with porous PTFE, and ether flu-
rocarbon sulfonic acid side chains, which is compatible with
NH groups of PBI. Thus a good bonding interface between the
orous PTFE and PBI can be obtained. Because of the higher
echanical strength of PTFE compared with PBI, for fuel cells

pplications, the thickness of PBI/PTFE composite membranes
an be lower than that of PBI membranes. The PEMFC single
ell tests showed that PBI/PTFE composite membranes had a
etter performance than pure PBI membranes, because of the
hinness of PBI/PTFE composite membranes and thus lower
roton resistance of proton exchange membranes.

. Experimental
.1. Materials

PBI was synthesized from 3,3′-diamino benzidine (Aldrich
hemical Co.) and isophthalic acid (Aldrich Chemical Co.)

w
c
f
o
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sing polyphosphoric acid (Aldrich Chemical Co.) as a sol-
ent. The detailed polymerization procedures were same as those
eported by Ueda et al. [24]. The inherent viscosity (I.V.) was
easured by dissolving 0.5 wt% of PBI in 98 wt% sulfuric acid

olution using an Ubbelohde viscometer (with a water flow time
f 98 s) and an I.V. of 1.52 dL/g was obtained, which corre-
ponded to Mv = 1.0 × 105 g/mol calculated using an equation
erived by Choe and Choe [25]. A porous PTFE membrane
Yue-Ming-Tai Chemical Ind. Co., Taiwan) with a thickness of
6 ± 2 �m, pore sizes of 0.5 ± 0.1 �m, and porosity of 85 ± 5%
as used as a supporting material of composite membranes. A
wt% PFSI solution (EW = 1100, Du Pont Co.) was used as a
oupling agent. The solvent mixture of the PFSI solution water,
ropanol, ethanol, methanol and unspecified mixed ethers [26].

.2. Preparation of PBI membranes

PBI/LiCl/DMAc (2 wt%) (N,N′-dimethyl acetamide) solu-
ion was prepared by dissolving 10 g PBI and 15 g LiCl in 500 ml
MAc under a nitrogen atmosphere at 150 ◦C. The DMAc

olvent was then evaporated from the solution at 80 ◦C under
acuum to obtain a solution with a PBI content of around 8 wt%.
he PBI solution was coated on a glass plate using a film appli-
ator with a gate thickness of 130 �m. The glass plate with a thin
lm of PBI solution was heated at 80 ◦C for 1 h and then 120 ◦C
or 5 h under vacuum to remove DMAc solvent. The PBI mem-
rane was then immersed in distilled water for 3 days and the
ater was changed each day to remove LiCl. Finally, the PBI
embrane was immersed in 85 wt% phosphoric acid solution

or 3 days. The final thickness of PBI membrane was around
100 �m.

.3. Preparation of PBI/PTFE composite membranes

(a) The solvent of as received PFSI solution was evaporated
nder vacuum at 60 ◦C and the residual solid PFSI resin was
ixed with 2-propanol/water (4/1 wt ratio) mixture solvent to
solution containing 0.7 wt% of PFSI. Porous PTFE mem-

rane was mounted on a 12 cm × 12 cm steel frames and boiled
n acetone at 55 ◦C for 1 h. This pre-treated PTFE membrane
as then impregnated with a 0.7 wt% PFSI solution for 24 h.
hese impregnated membranes were then annealed at 130 ◦C

or 1 h. After annealing, the membrane was then swollen with
istilled water for 24 h. Thus the porous PTFE membrane was
oated with a thin film of PFSI. (b) The porous PTFE mem-
rane coated with a thin film of PFSI was impregnated in a
BI/LiCl/DMAc (4.5/4.5/100 in wt ratio) solution for 5 min, the
embrane was then heated at 80 ◦C for 30 min and then 120 ◦C

or 30 min under vacuum. The process of membrane impreg-
ation in PBI/LiCl/DMAc solution and annealing was repeated
or three to five times to obtain a composite membrane with
desired film thickness. The PBI/PTFE composite membrane
as then immersed in distilled water for 3 days and the water

as changed each day to remove LiCl. Finally, the PBI/PTFE

omposite membrane was immersed in 85 wt% phosphoric acid
or 3 days. Table 1 lists the final compositions and film thickness
f PBI/PTFE composite membranes and PBI membrane.
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Table 1
Compositions and film thickness of dried membranes

Membrane PBI (wt%) PTFE (wt%) Coupling agent (wt%) Phosphoric acid (wt%) Thickness (�m)

PBI/PTFE-2 39.0 18.7 4.3 38.0 22 ± 3
PBI/PTFE-1 36.2 24.2 5.5 33.1 19 ± 2
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BI/PTFE-0 20.7 79.3 –
BI 100.0 – –

.4. Characterizations of PBI membrane and PBI/PTFE
omposite membranes

The morphology of membranes was studied using a scanning
lectron microscope (SEM, model JSM-5600, Jeol Co., Japan).
he sample surface was coated with gold powder under vac-
um before SEM observation was performed. Thermal stability
f membranes was investigated, using a thermogravimetric ana-
yzer (TGA, TA model Pyris-1), with sample sizes of 6–10 mg,
nd a heating rate of 10 K/min and a nitrogen flow rate of
0 ml/min. The mechanical property of membranes was tested,
sing an Instron testing machine (model 4204), in accordance
ith JIS-K7127. The membrane acid-doping contents were
etermined by weighing the membranes before and after doping
hosphoric acid. In order to avoid the deviation from moisture
ontents, before weighing, the membranes were dried by evap-
rating the water at 110 ◦C under vacuum for more than 10 h
ntil an unchanged weight was obtained.

The ionic conductivities (σ) of membranes were measured
y using a four-probe cell similar to the design reported by
asiotis et al. [27]. The cell was introduced in a stainless still
essel that was immersed in an oil bath to control cell tempera-
ure. The measurements were performed at temperatures of 150
nd 180 ◦C and a relative humidity of 18 ± 2%. The membranes
ere strips with sizes of 4 cm × 1 cm. Two platinum foils were
sed to apply current to the ends of the membrane while the other
wo platinum probe wires spaced 1 cm apart were employed to

easure the potential drop along the film near the center of the
embrane. A thermocouple was arranged near the sample for
onitoring its temperature. The relative humidity was controlled

y passing a mixture of humidified and dry nitrogen through the
ell and was monitored using a hygrometer. Two flow meters
ere used to control the ratio of dry and humidified nitrogen that
ere mixed in a chamber placed just before the cell. The mea-

urements were carried out by ac impedance spectroscopy using
Solartron 1260 gain phase analyzer interfaced to a Solartron
480 multimeter.

Gas permeability of membranes was investigated using an
pparatus designed by our lab. A device of holding a membrane
as located between two vessels, with the volume of vessel-1
f 3000 ml and that of vessel-2 of 200 ml. At the beginning of
as permeability test, vessel-1 was filled with H2 gas under a
ressure of 294 kPa and vessel-2 was kept under vacuum. The
embrane holder was kept at a temperature of 25 ◦C. The gas
ermeability of the membrane is characterized by measuring
he pressure of vessel-2 (P2) versus testing time. The variation
f vessel-2 pressure P2 against measuring time was recorded
ill P2 reaching 2.94 kPa for each membrane. A membrane with

w
F
a
P

– 17 ± 2
– 100 ± 3

higher gas permeability (or poor gas barrier) should have a
igher P2 increment rate dP2/dt, i.e. a shorter time for P2 to
each 2.94 kPa.

.5. Fuel cell performance test

The PBI and PBI/PTFE composite membranes prepared
n our lab were used to prepare membrane electrode assem-
lies (MEA). The catalyst was Pt–C (E-TEK, 20 wt% Pt)
nd the Pt loadings of anode and cathode were 0.5 mg/cm2.
t–C/PBI/LiCl/DMAc (3.5/1/0.3/49 by wt) catalyst solution was
repared by ultrasonic disturbing for 5 h. In catalyst ink solution,
iCl was a stabilizer of PBI/DMAC solution. The catalyst ink
as brushed onto carbon cloth (E-TEK, HT 2500-W), dried at
10 ◦C in a conventional oven to calculate catalyst loading. The
atalyst coated carbon cloths were immersed in deionized water
or 24 h to remove LiCl. They were then doped with phosphoric
cids by dipping in 5% H3PO4 solution for 24 h and dried in
ven at 110 ◦C. The membrane was sandwiched between two
arbon cloths coated with a catalyst layer and pressed at 150 ◦C
ith a pressure of 50 kg/cm2 for 5 min to obtain a MEA. The
erformances of single cells were tested at 150 and 180 ◦C using
FC5100 fuel cell testing system (CHINO Inc., Japan). The area
f testing fixture was 5 cm × 5 cm and the anode H2 cathode O2
nput flow rates were 300 ml/min. Both H2 and O2 flows were
nhumidified.

. Results and discussion

.1. SEM study of composite membranes

Fig. 1 shows SEM micrograph of the surface of as received
orous PTFE membrane. This micrograph shows that there are
bers with knots visible in the membrane and among the fibers
nd knots there are micro-pores in PTFE membranes. Fig. 2
hows the SEM micrograph of the surface of PBI/PTFE-0 com-
osite membrane, which was prepared by impregnating porous
FTE with PBI/DMAc/LiCl solution without pre-treating with
PFSI solution. As shown in Fig. 2, the porous PTFE mem-

rane impregnated with a PBI solution without pre-treating with
PFSI coupling solution had little PBI polymer coated on the

urface of fibers and knots. The surface of the composite mem-
ranes had micro-pores and fiber-like structures are visible in
he micrograph. This result suggests that PBI is not compatible

ith PTFE and the bonding between PBI and PFTE is weak.
ig. 3 shows the SEM micrograph of porous PTFE membrane
fter impregnated with a 0.7 wt% PFSI solution. A thin film of
FSI resin covered on the surface of fibers and knots of PTFE
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Fig. 1. SEM micrograph (5000×) of porous PTFE membrane.

Fig. 2. SEM micrograph of (5000×) of PBI/PTFE-0 composite membrane,
which was prepared by impregnating porous PFTE with PBI/DMAc/LiCl solu-
tion without pre-treating with a PFSI coupling solution.

Fig. 3. SEM micrograph (5000×) of porous PTFE membrane after treatment
with a 0.7 wt% PFSI coupling solution.
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ig. 4. SEM micrograph (5000×) of PBI/PTFE-1 (thickness 19 �m) composite
embrane, which was prepared by impregnating porous PTFE in a 0.7 wt%
FSI coupling solution and then in a PBI/DMAc/LiCl solution.

s visible. Fig. 4 is the micrograph of PBI/PTFE-1 composite
embrane (thickness ∼19 �m), which was prepared by impreg-

ating porous PTFE in a 0.7 wt% PFSI solution and then in a
.5 wt% PBI/DMAc/LiCl solution, as described in Section 2.
ig. 4 shows that all the voids of PTFE membranes had been
lled and completely covered with PBI. It is known that PFSI
esin composes of perfluorocarbon (–CF2–CF2–) main chains,
hich are compatible with PTFE, and sulfonated ether fluo-

ocarbon (–OCF2–CF2(CF3)–OCF2–CF2–OSO3H) side chains,
hich is compatible with PBI. The side chain –OSO3H group
f PFSI may react with NH groups of PBI and forms
onic compound. Thus PFSI acted as a coupling agent of
BI and PTFE, and PBI was well bonded with PTFE after

he surface of PTFE was treated with a thin film of PFSI
esin.

.2. Gas permeability study

The H2 gas permeability test of PBI/PTFE-1 (thickness
9 �m), PBI/PTFE-2 (22 �m), and PBI (thickness 100 �m)
embranes were performed at 25 ◦C. Fig. 5 shows the varia-

ion of vessel-2 pressure P2 versus testing time. From Fig. 5,
e found that P2 value was almost ∼0.0 kPa at the beginning of
easurements. The vessel-2 pressure P2 started to increase after

leak. The tleak indicates the “persistence time” for the membrane
o against the gas pressure, and gas start to leak through the mem-
rane after tleak. The time tleak and the time t2.94 kPa, which is the
ime for P2 to reach 2.94 kPa (∼3 kgf/cm2), are listed in Table 2.
he longer the tleak and t2.94 kPa the better the gas barrier prop-
rty of the membrane. These data show that tleak and t2.94 kPa
ecreased in the sequence: PBI > PBI/PTFE-2 > PBI/PTFE-1,
ndicating PBI had the best gas barrier property in all of these
embranes, because of its highest film thickness. However, the
imes “tleak = 80 h” “t2.94 kPa = 118 h” of PBI/PTFE-2 (thickness
2 �m) were close to those of PBI (thickness 100 �m), sug-
ests that PFSI is a good coupling agent of PBI and PTFE
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Table 3
Conductivities σ and resistances per unit area r of membranes (relative humidity
18 ± 2%)

σ (10−3 S cm-1) r (cm2 S−1)

Nafion-117a

150 ◦C 1.03 5.42
180 ◦C 1.62 3.44

PBIa

150 ◦C 14.4 0.183
180 ◦C 18.6 0.153

PBI/PTFE-2a

150 ◦C 4.76 0.133
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to the loss of water from the reaction of phosphoric acid to
pyrophosphoric acid (2H3PO4 → H4P2O7 + H2O) [28]. Above
600 ◦C additional weight loss of water of PBI/PTFE-2 (contain-
ig. 5. Gas permeability tests of three membranes, vessel-2 pressure P2 vs.
esting time. Membranes: (�) PBI (100 �m); (©) PBI/PTFE-1 (19 �m); (�)
BI/PTFE-2 (22 �m).

nd improves the bonding force between PBI and PTFE. It is
nown that PTFE has a strong mechanical strength and also a
ood barrier property for gas. The reinforcement of PBI with
orous PTFE improved the mechanical strength (see Section
.5) and barrier property of PBI, in spite of the lower thickness
f PBI/PTFE than PBI.

.3. Conductivity measurements

The conductivities of Nafion, PBI and PBI/PTFE composite
embranes were measured using an ac impedance system at 150

nd 180 ◦C with a relative humidity of 18 ± 2%. The conductiv-
ty σ and the unit area resistance across the membrane thickness
irection, r = l/σ where l is the membrane thickness, of Nafion-
17, PBI, and PBI/PTFE-2 are listed in Table 3. The data shown
n Table 3 are the average values of three measurements and
he standard deviations are around ±5%. These data show that
BI and PBI/PFTE had higher conductivity than Nafion-117 at
50–180 ◦C. Though the conductivity of PBI/PTFE-2 composite
embrane (22 �m) is lower than that of PBI (100 �m), however,
ue to the lower thickness of PBI/PTFE composite membrane,
BI/PTFE composite membrane has a lower resistance r than
BI membrane.

able 2
as permeation measurements—tleak and t2.94 kPa data

embrane Thickness of membrane (�m) tleak
a (h) t2.94 kPa

b (h)

BI 100.0 88 124
BI/PTFE-1 19.0 52 76
BI/PTFE-2 22.0 80 118

a tleak = the time for vessel-2 pressure P2 starts to increase and larger than
.0 kPa.
b t2.94 kPa = the time for vessel-2 pressure P2 to reach 2.94 kPa.

F
1
p
(

180 ◦C 7.54 0.081

a Membrane.

.4. TGA analysis

Fig. 6 shows TGA heating scan curves of porous PTFE,
BI, PBI/PTFE-2 composite membrane containing 38.0 wt%
f phosphoric acid, PBI/PTFE-2 composite membrane without
oping with phosphoric acid. The weight loss at temperatures
elow 200 ◦C was due to the loss of moisture [curves (a–c)].
he data of Fig. 6 indicated thermal degradation temperature
f PTFE was around 400–600 ◦C [curve (d)] and the thermal
egradation of pure PBI was around 600–1200 ◦C [curve (a)].
he thermal decomposition of phosphoric acid in PBI had been

nvestigated by Samms et al. [28] using thermmogarvimetric
nalysis in conjunction with mass spectrometry. According to
amms et al., the weight loss around 200–300 ◦C of PBI/PTFE-
(containing 38.0 wt% phosphoric acid) [curve (b)] was due
ig. 6. TGA heating scan curves (scan rate 10 K/min, and N2 flow rate
0 ml/min). (a) PBI (no phosphoric acid) (—); (b) PBI/PTFE-2 (38.0 wt% phos-
horic acid) (- - -); (c) PBI/PTFE-2 (no phosphoric acid) (– – •); (d) PTFE
– •).
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OCV data of PEMFC single cells

Temperature (◦C)

150 180
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ng 38.0 wt% phosphoric acid) [curve (b)] happened due to the
ontinuing dehydration of pyrophosphoric acid to polyphospho-
ic acid (H4P2O7 → 2HPO3 + H2O) [28]. These curves show the
ater content of these membranes decreases in the sequence
f: PBI > PBI/PTFE (38.0 wt% phosphoric acid) > PBI/PTFE
0.0 wt% phosphoric acid) > PTFE. These results suggest that
BI membrane had largest water content and PFTE membrane
ad smallest water content in these membranes. The intro-
ucing of porous PTFE into PBI decreased the water content
f membranes. These data also show that PBI has a better
hermal stability than PTFE. Tough the introducing of porous
TFE into PBI caused a decrease of thermal degradation tem-
erature. However, the degradation temperature ∼350 ◦C for
BI/PTFE composite membranes [curve (b)] is much higher

han the working temperature (≤200 ◦C) of PEMFC. Thus the
hermal stability of PBI/PTFE composite membranes is qualified
or PEMFC application.

.5. Mechanical strength

The tensile strength of PBI/PTFE-2 composite membrane is
3.3 ± 5.8 MPa and that of PBI membrane was 31.2 ± 1.9 MPa.
his result shows that the mechanical strength of PBI was

mproved by reinforcing with a porous PTFE supporting film.

.6. Single fuel cell performance test

In order to evaluate the fuel cell performance of our com-
osite membranes, PBI and PBI/PTFE-2 composite membranes
ere used to prepared membrane electrode assemblies (MEA)
nd the PEMFC single cells performances were tested at 150
nd 180 ◦C under H2 and O2 flow rates of 100 ml/min. Fig. 7
hows the cell potential V versus current density i curves of sin-
le fuel cells prepared from PBI and PBI/PTFE-2 composite

ig. 7. PEMFC single cell voltage vs. current density of MEA prepared from PBI
100 �m) and PBI/PTFE-2 (22 �m) and operated at various temperatures. (♦)
BI at 150 ◦C; (�) PBI at 180 ◦C; (�) PBI/PTFE-2 at 150 ◦C; (�) PBI/PTFE-2
t 180 ◦C.
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BI (V) 0.553 0.590
BI/PTFE-2 (V) 0.532 0.570

embranes. Table 4 summarized PEMFC open circuit voltages
f these two PEMFCs operated at 150 and 180 ◦C.

The cell voltage at open circuit, i.e. the open circuit volt-
ge (OCV), usually does not reach the theoretical value of the
verall reversible cathode and anode potentials at the given pres-
ure and temperature. One of the reasons of the lowering of
CV from theoretical voltage has been attributed to the pen-

tration of fuel across the membrane [29]. Comparing with
he literature reports [2,4], our present OCV data were lower
han those reported in literature. The reason for the low OCV
alues of our present results could be attributed to the poor hard-
are design of inlets of H2 and O2 gas flow channel plates

nd a small amount of gas leakage occurred during the sin-
le cell performance test. We had carried out single cell test
sing PBI based MEAs, i.e. Celtec-P 1000 MEA, purchased
rom PEMEAS Fuel Cell Technologies Co. with the same single
ell hardware design and obtained an OCV value about 15–20%
ower than that reported from PEMEAS Fuel Cell Technologies
o. [30]. After correction with the factor of single cell hard-
are design, the OCV values of the MEAs in our present work

hould be around 0.65–0.75 V. However, the main purpose of
his work was to compare the PEMFC performances of MEAs
repared from PBI/PTFE-2 (thickness = 22 mm) and pure PBI
thickness = 100 mm) membranes. The poor hardware design
ould not affect the comparison results between MEAs pre-
ared from PBI/PTFE and pure PBI membranes. Table 4 shows
hat for a same MEA, the OCV value increased with increasing
perating temperature, due to the higher electrochemical reac-
ion rate at a higher temperature. However, at a fixed PEMFC
perating temperature, the MEA prepared from PBI/PTFE-2
thickness 22 �m) had a lower OCV value than that prepared
rom PBI (thickness 100 �m), indicating a higher penetration
f fuel across PBI/PTFE-2 membrane than that of fuel across
BI membrane. The OCV data were quite consistent with gas
ermeation data shown in Table 2. In Table 2, we found that
BI/PTFE-2 had higher gas permeation than PBI, due to the

ower thickness of PBI/PTFE-2 than PBI.
Fig. 7 shows the voltages of single fuel cells fall as current

ensity increases. One of the reasons for the falling down of the
oltage with increasing current density is the so called “ohmic
oss” which comes from the resistance to the flow of ions through
he polymer electrolyte membrane [29]. It is found that though
he PBI/PTFE-2 composite membrane has a lower ionic con-
uctivity than PBI membrane, however, owing to the thinner
hickness of composite membranes than PBI membranes, the

BI/PTFE-2 has a shorter pathway for transporting proton. Thus
EA prepared from PBI/PTFE-2 composite membrane had a

ower slope of voltage against current density while the current
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ensity i ≥ 200 mA/cm2 and thus a lower “ohmic loss” than PBI
embrane. These results were consistent with the “resistance

” data shown in Table 3.

. Conclusions

In this work, we show that PFSI resin is an excellent cou-
ling agent for PTFE and poly(benzimidazole) (PBI). Using
FSI as a coupling agent for PBI and porous PTFE, we success-
ully prepared PBI/PTFE composite membranes. The PBI/PTFE
omposite membrane had a film thickness of ∼22 �m and thus
lower proton resistance than a PBI membrane with a film

hickness of ∼100 �m. Because of higher mechanical strength
f PTFE than PBI, for fuel cells applications, the thickness
f PBI/PTFE composite membranes can be made lower than
hat of PBI membranes. The PEMFC single cell tests showed
hat PBI/PTFE composite membranes had a better performance
han PBI membranes at 180 ◦C, because of the thinness of the
BI/PTFE composite membranes and thus lower resistance of

he proton exchange membranes.
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