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ABSTRACT: Sulfonated poly(ether sulfone) copolymer
(PES 60) and its partially fluorinated analogue (F-PES 60)
were synthesized via the nucleophilic aromatic polyconden-
sation of commercially available monomers to make a poly-
mer electrolyte membrane and a binding material in the
electrodes of a membrane–electrode assembly (MEA). PES 60
and F-PES 60 showed proton conductivities of 0.091 and
0.094 S/cm, respectively, in water at room temperature. The
copolymer was dissolved in the mixture of alcohol and water
to get a 1 wt % binder solution. A catalyst slurry was pre-
pared with the copolymer solution and sprayed on the copol-

ymer (PES 60 or F-PES 60) membrane to obtain a MEA. Both
PES 60 and F-PES 60 based MEAs were fabricated with differ-
ent amounts of their binder in the electrodes to examine the
effect of the copolymer binder in the catalyst layer on the fuel
cell performance. The MEA with 2 wt % copolymer binder in
the electrodes showed the best fuel cell performance. VVC 2009
Wiley Periodicals, Inc. J Appl Polym Sci 113: 2499–2506, 2009
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INTRODUCTION

Proton-exchange membrane fuel cells (PEMFCs) have
been widely investigated as automotive, stationary,
and portable power sources because of their high
conversion efficiency and environmental friendli-
ness. Among several components of a PEMFC, the
polymer electrolyte membrane is one of the most
important parts. In the past few decades, DuPont’s
Nafion membrane has been used mostly as a poly-
mer electrolyte for PEMFCs because of its high ionic
conductivity, high mechanical strength, and chemi-
cal stability. However, it still has some problems. Its
proton conductivity is low at high temperatures
under low humidity. Also, it is very expensive. For
these reasons, hydrocarbon-based, proton-conduct-
ing polymers have been investigated as alternatives.
Although a huge number of polymeric syntheses
and their sufficient characterizations with fuel cell
results have been reported, additional advancements
are required to meet the demands of fuel cells in
both stationary and automotive operations. Alterna-
tive high-performance polymers (hydrocarbon-based
polymers), such as sulfonated poly(aryl ether sul-
fone)s, poly(aryl ether ketone)s, poly(ether imide)s,
polybenzimidazole, poly(phenylene oxide), and poly
(phenylene sulfide) are well known for their excel-

lent thermal, mechanical, and oxidative stabilities.1–3

Rikukawa and Sanui2 and Hickner et al.3 extensively
reviewed high-performance polymers for polymer
electrolyte membranes.
Nafion ionomers are used as a catalyst binding

material in electrodes because Nafion chemical inert-
ness improves stability and its high proton-conduc-
tivity properties improve access to the Pt catalyst in
PEMFC electrodes. Also, hydrocarbon-based poly-
mer membranes have been demonstrated for fuel
cell operations with a Nafion binder in the catalyst
layers.4–14 However, the systems containing Nafion
binder exhibited poor interfacial compatibility
between the membrane and electrodes.4 Therefore,
the use of hydrocarbon-based polymers as binders
in the catalyst layer is emerging as a new area of
research. Recently, sulfonated poly(ether ether ke-
tone) (PEEK), poly(arylene ether sulfone) (PAES),
and polybenzimidazole (PBI) have been reported as
binder materials in the catalyst layer. Easton et al.15

studied the effect of sulfonated PEEK ionomer in the
electrocatalytic layer. The interfacial resistance was
reduced when the ionomer was incorporated into
the catalyst layer. Jung and coworkers16,17 demon-
strated the long-term stability of sulfonated PEEK
and PAES membranes with binders that were made
with their corresponding polymers. Seland et al.18

showed that a membrane–electrode assembly (MEA)
with the anode layer containing 0.4 mg of Pt/cm2

with 0.36 mg of PBI/cm2 and the cathode layer con-
taining 0.6 mg of Pt/cm2 with 0.6 mg of PBI/cm2
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had the best single-cell performance under certain
operating conditions.

In our previous work, we reported the PEMFC,
direct methanol fuel cell, and direct formic acid fuel
cell performances of MEAs with a sulfonated poly
(ether sulfone) copolymer (PES 60) membrane with a
Nafion binder in the catalyst layers.12,13 In this arti-
cle, we describe the cell performance of a MEA with
PES 60 and its partially fluorinated analogue (F-PES
60) with corresponding copolymer binders. Sasiku-
mar et al.19 found that the single-cell performance
depended on the ratio of the binding ionomer to cat-
alyst loading amount. A significant improvement in
the single-cell performance was achieved with the
use of Nafion membranes with optimum Nafion ion-
omer contents in the catalyst layer. We changed the
ratio between the hydrocarbon-based polymer binder
and Pt catalyst to determine the optimum content for
the binding polymer in the catalyst layers.

EXPERIMENTAL

Materials

Hydroquinone 2-potassium sulfonate (HPS), bis(4-flu-
orophenyl)sulfone (FPS), bisphenol A (BPA), and an-
hydrous potassium carbonate were obtained from
Aldrich (St. Louis, MO). 2,2-Bis(4-hydroxyphenyl)hex-
afluoropropane (6F-BPA) was purchased from TCI
(Tokyo, Japan). The HPS was recrystallized from
deionized water before use. Potassium carbonate, FPS,
BPA, HPS, and 6F-BPA were dried at 60�C for 24 h in
vacuo before polymerization. Dimethylacetamide
(DMAc), dimethyl sulfoxide (DMSO), N-methyl-2-pyr-
rolidone (NMP; Sigma-Aldrich), toluene, HCl (J. T.
Baker, USA), 1-propanol, 2-propanol (Aldrich, high
performance liquid chromatography (HPLC) grade),
and methanol (Daejung Reagents & Chemicals,
Siheung City, Korea) were used as received.

Synthesis of BPA- and 6F-BPA-based PES 60
and F-PES 60

The salt-form PES 60 and F-PES 60 were synthesized
with a method that was described elsewhere.12 The
copolymerization procedure for F-PES 60 is explained
as follows: first, FPS (5.09 g, 20 mmol), 6F-BPA (2.69
g, 8 mmol), HPS (2.74 g, 12 mmol), and potassium
carbonate (5.7 g, 40 mmol) were added to a mixture
of 25 mL of DMAc and 40 mL of toluene in a 100-mL,
round-bottom flask equipped with a magnetic stirrer,
Dean–Stark trap, condenser, nitrogen inlet, and ther-
mometer. The reaction mixture was refluxed at 150�C
for 4 h to dehydrate the system. The temperature was
raised slowly to 180–185�C by the controlled removal
of the toluene. After the complete removal of the tol-
uene, the reaction was allowed to proceed until a vis-

cous solution was formed. The viscous solution was
cooled to room temperature and poured into 1000
mL of methanol to obtain the F-PES copolymer. The
copolymer was then collected by vacuum filtration
and dried in a vacuum oven at 60�C for 1 h. Then,
the copolymer was subjected to Soxhlet extraction
with deionized water to remove inorganic material.
Finally, the salt-form copolymer was dried in the vac-
uum oven at 60�C for 24 h.

1H-NMR (PES 60, d, DMSO-d6): 1.65 (s, 6H, ACH3),
6.96–7.35 (m, 21H, ArH), 7.37–7.52 (m, 1.5H, ArH),
7.80–8.02 (m, 10H, ArH). 1H-NMR (F-PES 60, d,
DMSO-d6): 6.98–7.32 (m, 17H, ArH), 7.37–7.53 (m,
5.5H, ArH), 7.79–8.10 (m, 10H, ArH). Fourier trans-
form infrared (FTIR) spectroscopy (PES 60 cm�1): 712,
1020, 1078, 1107, 1146, 1225, 1476, 1584. FTIR (F-PES
60 cm�1): 832, 1019, 1076, 1104, 1145, 1229, 1470, 1584.

Membrane preparation and acidification of the
sulfonated poly(ether sulfone)s

The salt form of PES 60 (or F-PES 60) was dissolved
in DMSO at room temperature (15% w/v). Then, the
solution was filtered and poured onto a clean glass
plate. The thickness of the solution on the glass plate
was controlled by a doctor blade. The membrane
was dried at 60�C under reduced pressure (76
cmHg) for 30 h. The membrane was removed from
the glass plate by immersion in deionized water. It
was acidified with 10% HCl solution at 60�C for 2 h
and rinsed with deionized water several times.
Finally, the membrane was stored in deionized
water at room temperature.

Ion-exchange capacity (IEC), water uptake, and
solubility in boiling water

The IEC of the membranes (PES 60 and F-PES 60)
was determined by a titration method. A dried
membrane of 1 g was soaked in 1M NaCl solution
for 24 h to exchange the proton of the sulfonic acid
group with a sodium ion. The exchanged proton
was titrated with a 0.01M NaOH solution with phe-
nolphthalein as an indicator. The moles of the pro-
ton were equal to the moles of the sulfonic group.
From the titration value, IEC was calculated from
the following equation:

IEC ¼ CNaOHVNaOH

Wm
(1)

where CNaOH, VNaOH, and Wm are the concentration
of NaOH solution, the consumed volume of NaOH
solution, and the weight of the membrane, respec-
tively. IEC is expressed as milliequivalents of sul-
fonic acid per gram of dry polymer.
The water uptake was determined for the PES 60

and F-PES 60 membranes. The membranes were first
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dried at 120�C for 24 h under reduced pressure. They
were immersed in water at 30�C for 48 h. The water
uptake was calculated from the following equation:

Water uptake ¼ Wwet �Wdry

Wdry
� 100 (2)

where Wwet and Wdry are the weights of the wet and
dry membranes, respectively.

The solubility in boiling water of the membranes
(PES 60 and F-PES 60) was tested with a Soxhlet ex-
tractor. The membrane was dried at 120�C for 24 h
under reduced pressure. The weight and size of the
membrane were measured. Then, the membrane
was placed in a Soxhlet extractor with deionized
water for 48 h. Finally, the membrane was removed
from the extractor and dried under the same condi-
tions. The change in the membrane was measured.

Proton conductivity

A Zahner Elektrik IM6 (ZAHNER-elektrik GmbH,
Kronach, Germany) impedance spectrometer was
used in galvanostatic mode with an alternating-
current amplitude of 1 mA (current ¼ 0 A) over a
frequency range of 1 Hz–5 MHz. The acid-form
membrane resistance was measured under fully
hydrated conditions with a four-point-probe conduc-
tivity cell.20 The proton conductivity (r) was calcu-
lated via the following equation:

rðS=cmÞ ¼ LðcmÞ
RðXÞ � Aðcm2Þ (3)

where L is the distance between the two potential
probes, R is the ion-conductive resistance of the
membrane from the impedance spectra, and A is the
membrane cross-sectional area (Thickness � Width).

Techniques

The functional groups of PES 60 and F-PES 60 were
confirmed from the FTIR spectroscopic technique.
The FTIR measurement was recorded with a Thermo
Mattson Infinity Gold FTIR 60 AR model spectrome-
ter (Varian Associates, Palo Alto, CA). The 1H-NMR
(300-MHz) (Thermo Scientific Inc., USA) spectrum
was recorded on a Varian instrument at room tem-
perature in DMSO-d6 with tetramethylsilane as an
internal standard. The thermal stability was ana-
lyzed by means of thermogravimetric analysis
(TGA) with a TGA 2050 V5.2B instrument (Instru-
ments Specialists, Inc., USA) (heating rate ¼ 10�C/
min). Proton-conductivity measurements were per-
formed on the acid forms of the membranes. The
proton conductivities of these membranes were
measured with the method of Sumner et al.20

Preparation of the binder solution

A binder solution of 1 wt % was prepared in a Tef-
lon container, which was placed inside a stainless
steel vessel. The acid form of the copolymer (0.5 g
of PES 60 or F-PES 60) was placed in a mixture of
30 g of deionized water and 10 g of 1-propanol and
2-propanol in the container. The stainless vessel
was closed tightly and placed in an oil bath. The so-
lution was stirred, and the oil bath temperature
was maintained at 70�C for 12 h. The solution was
cooled to room temperature. Finally, the homogene-
ous clear solution was carefully transferred into a
glass bottle, and the solution was stored at room
temperature.

Preparation of the MEA and the single-cell test

The catalyst slurry was prepared by the mixture of
40 wt % Pt on Vulcan XC-72 (E-Tek, Inc., USA) cat-
alyst power with 2-propanol. The mixture was
ultrasonicated for 1 h. The 1 wt % copolymer
binder solution (PES 60 or F-PES 60) was added to
the catalyst slurry; this was sonicated again for 1 h.
To examine the effect of binder content to the cata-
lyst in the electrodes, the binder content to the cat-
alyst was varied from 1.5 to 32 wt %. We prepared
the catalyst-coated membrane (CCM) by spray-
coating the prepared catalyst slurry on the acid
form of the membrane. The Pt loadings were fixed
at 0.2 mg/cm2 for the anode and 0.4 mg/cm2 for
the cathode with different amounts of binder in the
catalyst layer. Finally, the CCM was dried at 60�C
for 5 h.
The single cell was fabricated with the CCM, the gas

diffusion media Sigracet SGL 10BC (Meitigen, Ger-
many), Teflon gaskets, and graphite blocks. The gases
(fuel and oxidant with flow rate of 400 mL/min under
ambient pressure) were passed through bubble
humidifiers at temperatures of 70�C (anode) and 65�C
(cathode) before entry via the fuel cell inlets. The
active electrode area for the single-cell test was 25 cm2.
The cell temperature was 70�C. Current–potential
characteristics were evaluated with an electric load
(Daegil Electronics, EL500P, Seoul, Korea).

Cell impedance measurement

Electrochemical impedance spectra were recorded
with an IM6 Zahner Elektrik instrument. The single
cell was operated at 70�C, and the applied frequency
was varied from 10 kHz to 10 mHz with an alternat-
ing-current amplitude of 5 mV. Humidified oxygen
and hydrogen gases with a flow rate of 400 mL/min
were applied to cathode and anode, respectively, at
ambient pressure.
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RESULTS AND DISCUSSION

Synthesis and characterization of the poly(ether
sulfone)s (PES 60 and F-PES 60)

Two types of sulfonated poly(ether sulfone) were
prepared by the modified method described in the
ref. 21. The degree of sulfonation of a polymer elec-
trolyte influences the conductivity of the electrolyte
membrane and its solubility in water. In this study,
we used 60 mol % hydrophilic parts containing
copolymers for the high proton conductivity
and water insolubility in boiling water. The PES 60
and F-PES 60 polymers were prepared by the direct
synthesis of FPS with stoichiometric amounts of
hydroxyl-group-terminated monomers (HPS and
BPA or 6F-BPA) in the presence of potassium car-
bonate in DMAc (Scheme 1).

The chemical structure of F-PES 60 was confirmed
by FTIR and 1H-NMR analyses. The FTIR spectrum
of F-PES 60 is presented in Figure 1. The characteris-
tic absorption band for the aromatic sulfone group
appeared at 1145 cm�1, and the peak for aryl oxide
appeared at 1229 cm�1.22 The peaks at 1584 and
1470 cm�1 were attributed to the vibration of the ar-
omatic ring skeleton.23 The two absorption peaks
appearing at 1076 and 1019 cm�1 were characteristic
of the aromatic SO3

� stretching vibrations.24

Four different kinds of aromatic hydrogens of F-
PES 60 were observed at 6.98–8.10 ppm in 1H-NMR
(Fig. 2). The range of chemical shift clearly exhibited
the separation of the aromatic hydrogens, which
were ortho in position to the ether linkages (<7.32
ppm), and the aromatic hydrogens, which were
ortho in position to the sulfone groups (over 7.79
ppm). For PES 60, aromatic hydrogen, which was
ortho in position to the sulfonic acid group,
appeared at 7.37–7.53 ppm.12 However, the aromatic
hydrogen, noted as ‘‘a’’ in the repeating unit of F-
PES 60 in Figure 2, was not well separated in the
region. Presumably, the signal corresponding to the
hydrogen ‘‘a’’ and the signal corresponding to the

hydrogen ‘‘b’’ in the repeating unit overlapped. The-
oretically, the peak integration values for aromatic
hydrogens of ‘‘a’’ and ‘‘b’’, ortho in position to the
ether linkages and ortho in position to the sulfone
linkages, were 1.5H, 4H, 17H, and 10H, respectively.
The integration value obtained by 1H-NMR showed
the same value.
TGA was performed on F-PES 60 (acid form) to

evaluate its thermal stability (Fig. 3). The TGA curve
indicated that the weight loss up to 200�C appeared
to be due to water evaporation, whereas the weight
loss at about 300�C was attributed to the degrada-
tion of the sulfonic group. The third weight loss
occurred around 510�C, which was due to the
decomposition of the polymer backbone. Compared
to PES 60, the temperature for desulfonation
increased by about 30�C.12 Harrison et al.25 reported
that the first weight loss due to desulfonation pro-
cesses was observed beyond 350�C for disulfonated
PAES copolymers. The TGA result indicated that the

Scheme 1 Synthesis of PES 60 and F-PES 60.

Figure 1 FTIR spectrum of the acid-form F-PES 60
membrane.
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sulfonated F-PES 60 was thermally stable for the
temperature range of PEMFC application.

Single-cell performance of the sulfonated
poly(ether sulfone) binder based MEAs

To operate a PEMFC, the proton-exchange mem-
brane should have properties such as a high proton
conductivity and chemical and thermal stability.
Interestingly, PES 60 and F-PES 60 had high proton
conductivities of over 10�2 S/cm. The incorporation
of fluorine increased the proton conductivity and
lowered water uptake. The basic properties of the
membrane, including IEC, water uptake, proton con-
ductivity, and solubility in solvents of the copoly-
mers, are listed in Table I. The weights and sizes
of the membranes (PES 60 and F-PES 60) were
unchanged after Soxhlet extraction. This indicated
good water insolubility in the membranes.

The polarization curves of the MEA with various
PES 60 binder loadings on the PES 60 membrane are
shown in Figure 4. As shown in this figure, the fuel
cell performance increased with decreasing PES 60
binder loading up to 2 wt %. The polarization curves
for the F-PES 60 based MEA are shown in Figure 5,
in which the 2 wt % binder containing F-PES 60
MEA also showed the best cell performance. As the
F-PES 60 binder increased in the electrode, a similar
decreasing trend was observed in the fuel cell per-

formance. The polarization curve of a typical fuel
cell consists of three zones based on the overpoten-
tial. The dominant losses in low over potential or
low current density region are due to electrode
kinetics. In the middle range, the ohmic contri-
butions play an important role, and at the high-
current-density regions, mass transport limitations
become dominant. A comparison of the single-cell
performance of the PES 60 binder based MEAs and
F-PES 60 binder based MEAs indicated that they

Figure 2 1H-NMR spectrum of the acid-form F-PES 60 membrane. [Color figure can be viewed in the online issue, which
is available at www.interscience.wiley.com.]

Figure 3 TGA curve of the acid-form F-PES 60
membrane.
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had similar polarization behaviors. Electrodes based
on alternative binders may have significantly poor
electrode kinetics.

The requirement for an electrolyte used as a mem-
brane is different from that for an electrolyte used in
the catalyst layer. In the catalyst layer, the transport
of reactants, protons, and electrons, that is, the
formation of a triple-phase boundary, is essential
for obtaining high Pt utilization. Therefore, the elec-
trolyte used in the catalyst layer must be reactant-
permeable, whereas the electrolyte used in the mem-
brane requires no reactant permeability.26 Presum-
ably, the 2 wt % binder containing MEAs had better
triple-phase boundary formation than the others.
This may have been the reason for their better fuel
cell performance. The fuel cell performance of the
PES 60 binder based MEA was very low compared
to that of the Nafion-binder-based MEA.12,13 The
Nafion binder had the hydrophobic polytetrafluoro-
ethylene-like backbone, which aided in pore forma-
tion and water management.15 The oxygen reduction
reaction kinetics in the Nafion system were higher
than in other sulfonated polymers.27 Zhang et al.28

reported the oxygen reduction kinetics and transport
properties at the Pt/membrane interface with both
Nafion 117 (IEC ¼ 0.91 mequiv/g) and sulfonated
PAES (SPES-40, IEC ¼ 1.72 mequiv/g) membranes.
They found that the oxygen permeability of Nafion
117 was 1.5–3 times higher than that of PES-40.
Easton et al.15 found that the oxygen permeability of
Nafion was five times higher than that of sulfonated
PEEK. Therefore, the Nafion-binder-based MEA
showed a much higher performance than the alter-
native-binder-based MEA.

Impedance of the H2/O2 cells under polarization

The impedance spectra obtained for the MEAs with
various amount of sulfonated poly(ether sulfone) on
the corresponding membrane (PES 60 and F-PES 60)
are shown in Figures 6 and 7. The ohmic resistance
and charge-transfer resistance values of the MEAs
are shown in Table II. The impedance spectra exhib-
ited distinct arcs. The intercept of the high-frequency
arc with the real axis represents the total ohmic

TABLE I
Basic Membrane Properties of the Sulfonated Poly(ether sulfone) Copolymers

Acid-form
polymer

membrane Solubilitya Solubilityb
IEC

(mequiv/g)
Water uptake

(wt %)
Proton conductivity

(S/cm)c

PES 60 X O 1.43 30 0.091
F-PES 60 X O 1.28 23 0.094

X ¼ not soluble; O ¼ soluble.
a Solubility in boiling water (Soxhlet extraction).
b Solubility in aprotic solvents (DMAc, DMSO, and NMP) at room temperature.
c Proton conductivity at room temperature.

Figure 4 H2/O2 single-cell performance of MEAs with
PES 60 membranes and binders in catalyst layers: catalyst
loadings ¼ 0.2 mg/cm2 (anode) and 0.4 mg/cm2 (cathode);
cell temperature ¼ 70�C; humidified fuel and oxidant fed
with a flow rate of 400 mL/min under ambient pressure.

Figure 5 H2/O2 single-cell performance MEAs with F-
PES 60 membranes and binders in catalyst layers: catalyst
loadings ¼ 0.2 mg of Pt/cm2 (anode) and 0.4 mg of Pt/
cm2 (cathode); cell temperature ¼ 70�C; humidified fuel
and oxidant fed with a flow rate of 400 mL/min under
ambient pressure.
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resistance of the cell. The ohmic resistance of the cell
is expressed as the sum of the contributions from
the uncompensated contact resistance and the ohmic
resistance of the cell components, that is, the mem-
brane, catalyst layer, and so on. The diameter of the
low-frequency arc represents the charge-transfer re-
sistance across the electrode–electrolyte interface and
is inversely proportional to the rate of the oxygen
reduction reaction.29,30 At a fixed cell voltage of 0.85
V, the total ohmic resistance values for the PES 60
binder based MEAs varied from 0.08 to 0.15 X cm2.
The total ohmic resistance values for the F-PES 60
binder based MEAs varied from 0.13 to 0.17 X cm2.
This might have been due to the internally distrib-
uted ohmic resistance and the contact capacitance. In

both cases, the impedance analysis revealed that the
charge-transfer resistance was the lowest when 2.0
wt % binder (2.7 X cm2 for PES 60 and 3.9 X cm2 for
F-PES 60) was loaded in the electrodes. The diameter
of the semicircle increased rapidly with increasing
ionomer (PES 60 and F-PES 60) loadings in the elec-
trodes. It was clear that electrodes based on the
alternative ionomer had poor interfacial kinetics.
Probably, the catalyst utilization decreased with
higher ionomer loadings, so the oxygen reduction
polarization increased. This could have been the rea-
son behind the low fuel cell performance.

CONCLUSIONS

Partially fluorinated and nonfluorinated poly(ether
sulfone) copolymers with 60 mol % hydrophilic
parts in their repeating unit were synthesized suc-
cessfully. The proton conductivity, thermal stability,
and water insolubility of the copolymers indicated
their possibility for PEMFC operation. In this study,
the role of the copolymers as electrolytes and bind-
ing materials was examined. The polarization curve
and impedance spectra provided an understanding
of the influence of this alternative binder material
loading on the fuel cell performance. In both cases, 2
wt % ionomer in the catalyst layer showed the best
fuel cell performance. However, the incorporation of
the PES 60 or F-PES 60 binder in the catalyst layer
led to low fuel cell performance compared to that of
the Nafion binder system. This article promotes the
next objective of our work, to investigate the poly-
mer structure, which can act as both an electrolyte
and a binder for fuel cell applications.
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