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ABSTRACT: A double-layer ionomer membrane, thin-layer
Nafion (perfluorinated sulfonic acid polymer) on a sulfonated
aromatic block copolymer (SPK-bl-1), was prepared for
improving fuel cell performance. Each component of the
double-layer membrane showed similar phase-separated
morphologies to those of the original membranes. A fuel cell
with the double-layer membrane exhibited lower ohmic
resistance and higher cathode performance than those with
the original SPK-bl-1 membrane despite their comparable water
uptake and proton conductivity. Detailed electrochemical
analyses of fuel cell data suggested that the thin Nafion
interlayer contributed to improving the interfacial contact
between the SPK-bl-1 membrane and the cathode catalyst layer
and to mitigating excessive drying of the membrane. The results provide new insight on designing high-performance fuel cells
with nonfluorinated ionomer membranes such as sulfonated aromatic polymers.
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■ INTRODUCTION

Polymer electrolyte fuel cells (PEFCs) have attracted much
attention due to their applications as residential cogeneration
systems and automotive power sources. Perfluorosulfonic acid
(PFSA) ionomers such as Nafion (Du Pont) have been most
used as the electrolyte membranes for PEFCs. However, several
problems, such as high production cost, high gas permeability,
and environmental incompatibility, are concerns for widespread
commercialization of fuel cells.1−3 To overcome these draw-
backs, nonfluorinated aromatic hydrocarbon ionomer mem-
branes have been extensively investigated as alternatives to
PFSAs.4−6 It has been reported that some aromatic ionomer
membranes have shown comparable performance and
durability compared to PFSA ionomer membranes in operating
fuel cells.7−9 However, their fuel cell performances often drop
under low-humidity conditions. Furthermore, we observed that
the cathode catalytic performance was worse with aromatic
ionomer membranes than with PFSA ionomer membranes
even though the same cathode catalyst layers (same Pt loading
and PFSA binder) were used. It is well recognized that the
interfacial contact between the ionomer membrane and the
catalyst layer significantly affects on the cathode performance.
Kim et al. reported that low water uptake interlayer improved
compatibility with Nafion-bonded catalyst layers and accord-
ingly enhanced performance and durability of a direct methanol
fuel cell with aromatic ionomer membrane.10 However, the

effect of such interlayer on the cathode performance has not
been investigated.
In this research, we focus on the interfacial structures

between the ionomer membranes and the catalyst layers and
their impact on the fuel cell cathode performance. Our
approach includes preparation of a double-layer ionomer
membrane composed of a thin Nafion layer on top of our
block copolymer ionomer membrane. The double-layer
membrane was characterized by SEM, TEM, water uptake,
and proton conductivity and subjected to electrochemical
investigations in fuel cells.

■ EXPERIMENTAL SECTION
Ionomer Membranes and Measurements. Nafion NRE 211

(ion exchange capacity (IEC) = 0.91 mequiv g−1) was purchased from
Du Pont. SPK-bl-1 (IEC = 2.34 mequiv g−1) was synthesized in
house.8 The membrane thicknesses of NRE 211 and SPK-bl-1 were 25
and 24 μm, respectively. The molecular structures of these ionomer
membranes are depicted in Figure 1. The double-layer ionomer
membrane, SPK−Nafion, was prepared with spraying Nafion
dispersion solution, which consisted of Nafion ionomer (IEC =
0.95−1.03 mequiv g−1, D-521, Du Pont), pure water, and ethanol,
onto an SPK-bl-1 ionomer membrane with a purse-swirl spray (PSS)
apparatus (Nordson). The target value of the thickness of the Nafion
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layer was 0.5 μm, which was the smallest value to ensure the uniform
coating with the apparatus. The prepared SPK−Nafion membrane was
dried at 60 °C for 6 h and hot pressed at 140 °C and 10 kgf cm−2 for 3
min. Scanning electron microscopy (SEM) was carried out for the
SPK−Nafion membrane using a Hitachi S-3000N at an acceleration
voltage of 20 kV. Energy-dispersive X-ray (EDX) analysis was also
employed for elemental mapping of fluorine and sulfur. Transmission
electron microscopy (TEM) was carried out for the three ionomer
membranes (NRE 211, SPK-bl-1, and SPK−Nafion) in lead ion form
using a Hitachi H-9500 at an acceleration voltage of 200 kV. Water
uptake and in-plane proton conductivity of the membranes were
measured with a solid electrolyte analyzer system (MSBAD-V-FC, Bel
Japan Co.) at 80 °C with varying humidity conditions from 20% to
95% RH (relative humidity). Proton conducting resistance was
measured using a four-probe conductivity cell attached with
impedance spectroscopy (Solartron 1255B and 1287).
Preparation of Catalyst-Coated Membranes (CCMs). The

catalyst paste was prepared by mixing the Pt/CB catalyst
(TEC10E50E, Tanaka Kikinzoku Kogyo K. K.), Nafion binder (IEC
= 0.95−1.03 mequiv g−1, D-521, Du Pont), pure water, and ethanol by
ball milling for 30 min. The mass ratio of Nafion binder to the carbon
support (N/C) was adjusted to 0.70. The catalyst-coated membranes
(CCMs) were prepared by spraying the catalyst paste on both sides of
the three ionomer membranes (NRE 211, SPK-bl-1, and SPK−
Nafion) by use of the PSS technique. The CCMs were dried at 60 °C
for 6 h and hot pressed at 140 °C and 10 kgf cm−2 for 3 min. The
geometric area and Pt-loading amount of the catalyst layer (CL) were
29.2 cm2 and 0.50 ± 0.03 mg cm−2, respectively. The CCMs were
sandwiched between two gas diffusion layers (GDL, 25BCH, SGL
Carbon Group Co., Ltd.) and mounted into a Japan Automobile
Research Institute (JARI) standard cell, which has serpentine flow
channels on both the anode and the cathode carbon separators. For

the SPK−Nafion membrane, a thin Nafion layer was placed on the
cathode side. The cells using NRE 211, SPK-bl-1, and SPK−Nafion are
denoted as NRE211-cell, SPK-cell, and SPK−Nafion-cell, respectively.

Fuel Cell Operation. The electrochemically active surface area
(ECSA) of the Pt catalyst at the cathode was estimated by cyclic
voltammetry at 80 °C at 30%, 53%, 80%, and 100% RH using a
potentiostat (PGST30 Autolab System, Eco-Chemie). Prior to the
cyclic voltammogram measurements, hydrogen (100 mL min−1) and
nitrogen (150 mL min−1) were supplied to the anode and cathode,
respectively. Before the potential sweep, the cathode potential was
maintained at 0.07 V for 3 s. Then, the nitrogen flow was stopped and
the potential swept from 0.07 to 1.0 V at a sweep rate of 20 mV s−1.
ECSA values were calculated from the hydrogen adsorption charge in
the negative-going potential scan, referred to ΔQH

0 = 0.21 mC cm−2,
adopted conventionally for clean polycrystalline platinum.11 Linear
sweep voltammetry (LSV) was measured to investigate the permeation
of hydrogen gas flowing from the anode to the cathode through the
ionomer membranes. LSV measurements were carried out at 80 °C.
Prior to the measurements, hydrogen (100 mL min−1) and nitrogen
(150 mL min−1) humidified at 30%, 53%, 80%, and 100% RH were
supplied to the anode and cathode, respectively. The cathode potential
was swept from 0.15 to 1.0 V at a sweep rate of 0.5 mV s−1. To
evaluate the cell performance, the polarization curves were measured
at 80 °C. Pure hydrogen and air humidified at 30%, 53%, 80%, and
100% RH was supplied to the anode and cathode, respectively. Gas
utilization at the anode and cathode was 70% and 40%, respectively.
The high-frequency resistance (HFR) of the cell was measured with an
AC milliohmmeter (model 3356 Tsuruga Electric Corp.) at 1.0 kHz.

Figure 1. Molecular structures of the ionomer membranes: (a) NRE 211 (DuPont) and (b) SPK-bl-1 (synthesized in-house). (c) Cross-sectional
SEM image and elemental mapping of (d) fluorine and (e) sulfur in the SPK−Nafion ionomer membrane. TEM images of (f) NRE 211, (g) SPK-bl-
1, and (h) SPK−Nafion ionomer membranes. Samples were ion exchanged with lead (Pb2+) ions prior to observation so as to stain the hydrophilic
domains in black.
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■ RESULTS AND DISCUSSION

Characterization of Double-Layer Ionomer Mem-
brane. The molecular structures of the ionomer membranes,
Nafion NRE 211 and SPK-bl-1, are depicted in Figure 1a and
1b. A double-layer membrane, thin-layer Nafion on SPK-bl-1,
was prepared by a spray-coating method. The cross-sectional
scanning electron microscopic (SEM) images and elemental
mapping of fluorine and sulfur of the double-layer membrane
are shown in Figure 1c, 1d, and 1e. A very thin (ca. 0.55 μm)
Nafion layer was observed on top of the 24 μm thick SPK-bl-1
membrane (Figure 1c). The Nafion layer was flat with no
detectable pinholes throughout the field of view. In the EDX
analyses, sulfur atoms were detected in both layers while
fluorine atoms were detected only in the thin layer. The results
indicate successful preparation of the double-layer ionomer
membrane with distinct interfaces between the two compo-
nents. In Figure 1f, 1g, and 1h are compared transmission
electron microscopic (TEM) images of Nafion NRE 211, SPK-
bl-1, and SPK−Nafion double-layer membranes in Pb2+ ion
forms, respectively. Nafion NRE 211 exhibited the well-known
phase-separated morphology with spherical hydrophilic do-
mains (represented in black) of 3−6 nm in diameter distributed
uniformly throughout the field of view (Figure 1f). SPK-bl-1
exhibited belt-like hydrophilic domains of ca. 5−15 nm in width
surrounding large hydrophobic domains of ca. 10−20 nm in
width (Figure 1g). The SPK−Nafion double-layer membrane
exhibited two layers, each of whose morphology was very
similar to that of the original component (Figure 1h). The
minor difference in IEC values between NRE 211 (0.91 mequiv
g−1) and thin-layer Nafion (0.95−1.03 mequiv g−1) was
unlikely to lead to morphological differences. The interface
was clear, with a very thin mixed interlayer (ca. 40−50 nm).
Figure 2 shows water uptake and proton conductivity of the

three ionomer membranes (Nafion NRE 211, SPK-bl-1, and

SPK−Nafion) measured at 80 °C as a function of relative
humidity (RH). SPK−Nafion showed water uptake and proton
conductivity very similar to those of the SPK-bl-1 membrane
within acceptable error at all humidities. This result is
reasonable, taking into account the fact that the volume
content of the thin Nafion layer was low (2.3%) in the double-
layer membrane. It also indicates that the interfacial contact
between Nafion and SPK-bl-1 was good, as expected from the
SEM and TEM images mentioned above.

Fuel Cell Performance of the Double-Layer Ionomer
Membrane. An MEA was prepared from the double-layer
membrane and subjected to fuel cell performance tests. The
thin Nafion layer was placed onto the cathode side. For
comparison, MEAs with Nafion NRE 211 and SPK-bl-1
membranes were also investigated. Note that the amounts of
platinum and Nafion binder were the same for all MEAs. Figure
3 shows cyclic voltammograms (CVs) of the cathode for the
three cells (NRE211-cell, SPK-cell, and SPK−Nafion-cell) at 80
°C. The three cells showed similar CVs typical for polycrystal-
line platinum at all humidities. The electrochemically active
surface areas (ECSAs) were estimated from the hydrogen
adsorption charge and are plotted as a function of RH in Figure
4. ECSA values were comparable among the three cells,
indicating that the contact between Pt catalysts and ionomers
was similar in these catalyst layers. The CVs of the NRE211-cell
were shifted upward compared to the other two cells due to the
oxidation current of the cross over hydrogen. This result is
reasonable, taking into account the much higher gas
permeability of Nafion than that of the SPK-bl-1 membrane.8

The SPK−Nafion cell exhibited a low hydrogen crossover
current, as low as that of the SPK-cell, indicating the very low
hydrogen permeability of the double-layer membrane. The
differences in hydrogen permeability among the three
membranes were further confirmed by LSVs (Figure S1,
Supporting Information). The oxidation current densities at 0.4
V of the cross over hydrogen were ca. 0.1−0.3 mA cm−2 for the
SPK− and SPK−Nafion-cells, which were much lower (<20%)
than that of the NRE211-cell (ca. 1.2−1.6 mA cm−2).
The fuel cell performances were investigated for the SPK−

Nafion-cell and compared with those of the NRE211- and SPK-
cells under the same operating conditions. Figure S2,
Supporting Information, shows polarization curves (ohmic
(IR) drop included) and ohmic resistances of the three cells.
The three cells showed similar ohmic resistances and their
current density dependence at humidities greater than 53% RH,
which were in good accordance with the proton conductivities
of the three membranes. The SPK- and SPK−Nafion-cells
showed higher ohmic resistances than that of the NRE211-cell
at 30% RH because of the slightly lower proton conductivity of
the former membranes. At 30% RH, the ohmic resistance of the
SPK-cell decreased rapidly at low current density but increased
gradually when further increasing the current density, due to
dehydration of the membrane. This result indicates that the
SPK-bl-1 membrane is more likely to dehydrate than the
Nafion membrane in the operating fuel cell (note that the fuel
cells were operated at constant gas utilization, and gas flow
rates increased with increasing current density, often causing
dehydration of the membranes). Such dehydration was not
observed for the SPK−Nafion-cell, which showed nearly
constant ohmic resistance at current densities above 0.1 A
cm−2. The thin Nafion interlayer was effective in preventing the
membranes from drying excessively under low-humidity
conditions.

Figure 2. Water uptake and proton conductivity of the ionomer
membranes as a function of relative humidity at 80 °C.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am503295y | ACS Appl. Mater. Interfaces 2014, 6, 13894−1389913896



The SPK-cell showed lower I−V performance than that of
the NRE211-cell, although the ohmic resistances were
comparable at humidities greater than 53% RH. The differences
in the performance between the two cells became larger with
decreasing humidity. The higher ohmic resistance of the SPK-
cell than that of the NRE211-cell at 30% RH caused even larger
performance differences. In order to investigate this issue in
more detail, the IR-free polarization curves are shown in Figure
5. The SPK−Nafion-cell exhibited improved performance
compared to that of the SPK-cell, and the effect of the
double-layer membrane was most pronounced at 30% RH, at
which humidity the performance of the SPK−Nafion-cell was
nearly comparable to that of the NRE211-cell. The mass
activities at 0.85 V, which are regarded as a measure of the

Figure 3. Cyclic voltammograms (CVs) of the NRE211-cell, SPK-cell, and SPK−Nafion-cell at 80 °C under humidity conditions of (a) 100%, (b)
80%, (c) 53%, and (d) 30% RH.

Figure 4. Humidity dependence of ECSA for the NRE211-cell, SPK-
cell, and SPK−Nafion-cell at 80 °C.

Figure 5. IR-corrected polarization curves and ohmic resistances of NRE211-cell, SPK-cell, and SPK−Nafion-cell at 80 °C under humidity
conditions of (a) 100%, (b) 80%, (c) 53%, and (d) 30% RH.
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effectiveness of Pt catalysts,12 were calculated from the data in
Figure 5 and are plotted as a function of RH in Figure 6. The

mass activity of the NRE211-cell was 108 A gPt
−1 at 100% RH

and a factor of ca. two higher than that of the SPK-cell. It is
assumed that the proton transport network at the interface of
the membrane and the catalyst layer is responsible. Since the
SPK-bl-1 membrane has a large phase-separated morphology
(several tens of nanometers), as previously confirmed by TEM
and SAXS analyses,13 a portion of the catalyst nanoparticles
with Nafion binder might not have contacted well with the
proton-conductive hydrophilic domains but attached to non-
proton conductive hydrophobic domains. Such catalyst
particles are covered by Nafion binder and would thus be
active in the CV measurements (under nearly static conditions)
to account for reasonable ECSA values but would not function
in the operating fuel cells (under dynamic conditions) because
of insufficient proton supply from the membrane.12,14 The
Nafion interlayer was effective in improving the interfacial
contact between the SPK-bl-1 membrane and the cathode
catalyst layer. The effect of the interlayer was most striking at
30% RH, presumably because the proton-conductive path at
the surface of the SPK-bl-1 membrane was least developed at
low humidity as confirmed by electrochemical AFM analyses.15

The mass activity of the SPK−Nafion-cell was 43.1 A gPt
−1 at

30% RH, which was comparable to that of the NRE211-cell
(46.1 A gPt

−1).

■ CONCLUSIONS
We successfully prepared a double-layer ionomer membrane,
SPK−Nafion, for improving fuel cell performance. The double-
layer membrane was composed of a thin (ca. 0.55 μm), flat
Nafion layer on the thick (24 μm) SPK-bl-1 membrane, whose
phase-separated morphologies were very similar to those of the
original components. The double-layer membrane exhibited
comparable water uptake and proton conductivity and better
fuel cell performance to those of the SPK-bl-1 membrane.
Because of its tendency to dehydrate and its large phase-
separated morphology, the SPK-bl-1 membrane exhibited larger
ohmic resistance and lower fuel cell performance compared to
those of the Nafion membrane. In the SPK−Nafion-cell, the
Nafion interlayer contributed to improving the interfacial
contact between the SPK-bl-1 membrane and the cathode
catalyst layer, preventing the membrane from drying
excessively. The effect of the interlayer was remarkable, since

it lowered the ohmic resistance of the SPK-bl-1 membrane and
improved the cathode catalytic performance. The mass activity
at 0.85 V of the SPK−Nafion-cell was much higher than that of
the SPK-cell, comparable to that of the NRE211-cell at 30%
RH. The very thin Nafion interlayer successfully compensated
for the shortcomings of an aromatic ionomer membrane that is
promising as an alternative to PFSAs in terms of low gas
crossover, high mechanical strength, good environmental
compatibility, and low production cost. The results emphasize
the importance of suitable design of the interfacial structures
between the ionomer membrane and the catalyst layer for high-
performance PEFCs, especially when applying novel proton-
conducting materials as proton exchange membranes.
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