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Anovel and simple thermal imidization method is used to prepare the sulfonated polyimide/Nafion multi-
layer (NF-SPI-NF) membrane from sulfonated polyimide (SPI) and Nafion-containing solution (Na* form).
The NF-SPI-NF membrane is prepared by immersing a sulfonated poly(amic acid) (SPAA) membrane into
the Nafion-containing solution followed by thermal imidization via solvent evaporation. This Nafion is
firmly adhered to either side of the SPI membrane via thermal imidization. The prepared membranes are
characterized by Fourier transform infrared spectroscopy (FT-IR), thermogravimetric analysis (TGA) and

gﬁ{f‘g g;f; polyimide proton conductivity. The membranes are immersed in Fenton’s reagent at room temperature to test their
Nafion oxidative stability and the durability of a single proton exchange membrane fuel cell (PEMFC) system.
Multilayer membrane Analytical results show a marked improvement in NF-SPI-NF membrane stability by adding Nafion layer
Fuel cell comparing with that of native SPI membrane. The performance of PEMFC with the NF-SPI-NF membrane
Durability is similar to that of PEMFC with the commercially available Nafion 212 at 70°C.

© 2011 Published by Elsevier B.V.

1. Introduction

Under increased environmental concern, proton exchange
membrane fuel cell (PEMFC) have attracted considerable interest
as clean energy sources for transportable, stationary, and portable
power applications due to their high efficiency and low envi-
ronmental pollution [1,2]. Notably, a proton exchange membrane
(PEM) is a key component in PEMFC systems and functions as
a proton conductor and fuel separator between an anode and
cathode. Perfluorosulfonate ionomers (PFSI), such as DuPont’s
Nafion membranes, are commercially available and have the advan-
tages of high proton conductivity, excellent chemical stability, and
long-term stability. However, they have limited industrial appli-
cations due to their high cost, high gas permeability, operating
temperature less than 80°C, and the environmental inadaptabil-
ity of fluorinated materials [3,4]. Over the last decade, various
proton conductive materials have been developed as alternative
membranes. Sulfonated polyimide with a six-member imide ring
is considered a promising candidate due to its excellent ther-
mal stability, high mechanical strength, and good film forming
ability. Mercier et al. [5-7] first applied sulfonated polyimide
(SPI) derived from 1,4,5,8-naphthalenetetracarboxylic dianhydride
(NTDA), 2,2’-benzidinedisulfonic acid (BDSA), and a nonsulfonated
diamine (such as 4,4’-oxydianiline (ODA)). Although SPIs have
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many advantages, the different surfaces and bulk properties
between hydrocarbon membranes and the PFSI binder typically
cause low compatibility, forming unstable interfaces in membrane
electrode assemblies (MEAs) [8]. Poor durability under fuel cell
operating conditions is also major drawback of these hydrocar-
bon polymers. Jiang et al. [9] utilized sulfonated poly(ether ether
ketone) (SPEEK) membranes with a low degree of sulfonation as
support material in preparing Nafion/SPEEK/Nafion (NSN) multi-
layer membranes. The NSN multilayer membrane was prepared
using a casting procedure in the solution condition. The NSN mul-
tilayer membrane had better cell performance than native Nafion
in direct methanol fuel cell (DMFC) system. However, after tested
in DMFC system for 3 weeks, two Nafion outer layers separated
from the SPEEK central layer, likely due to incompatibility and
poor interlayer bonding between Nafion and SPEEK. Wang et al.
[10] also prepared a Nafion/sulfonated polyimide/Nafion multi-
layer membrane by immersing the sulfonated polyimide (SPI)
into the Nafion-containing solution. The stability of the multilayer
membrane improved markedly after adding the Nafion layer com-
pared with that of the SPI membrane. However, the multilayer
membrane was prepared via the coating method, which cannot
generate strong interlayer bonding between Nafion and the SPI
membrane. To enhance interfacial stability, Sung et al. [11] coated
crosslinkable materials on a sulfonated polyimide membrane, these
materials were crosslinked at the interface during the hot-pressing
process for MEA. With enhanced interfacial adhesion, the new MEA
with the crosslinked layer maintained a stable interface after long-
term operation compared to that of the MEA without a crosslinked
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layer. However, introducing a crosslinkable layer degraded cell
performance because most catalyst particles were covered by the
crosslinked layer.

This work, developed a novel multilayer membrane by immers-
ing sulfonated poly(amic acid) (SPAA) into Nafion-containing
solution. The Nafion coated SPAA membrane was dried in an oven
to remove residual solvents and to imidize the SPAA into SPIL. The
Nafion firmly adhered to either side of the SPI membrane. Proton
conductivity, membrane properties, and single cell performance of
the multilayer membrane were investigated.

2. Experimental
2.1. Materials

1,4,5,8-Naphthalenetetracarboxylic dianhydride (NTDA, 95%
pure; Aldrich) was dried under vacuum before use. 4,4'-
Oxydianiline (ODA, 98% pure; Aldrich) was used without further
purification. 2,2’-Benzidinedisulfonic acid (BDSA, 70% pure; TCI)
was dissolved in ethanol and was neutralized with triethylamine
(TEA, 99.9% pure; Sigma-Aldrich) at 60°C. BDSA was purified
by recrystallization from the ethanol solution and was dried
under vacuum for three days. Benzoic acid (BA, 99.5% pure;
Sigma-Aldrich) and Nafion-containing solution (Nafion® PFSA
polymer dispersions, 5 wt.%, DuPont Fuel Cells) were used without
further purification. In order to prevent the crosslinking reac-
tion between sulfonic groups, Nafion (-SO3~H*) was reacted with
NaCl to form the sulfonic salt (-SO3~Na*). m-Cresol (99% pure;
Sigma-Aldrich) and TEA were used without further purification.

2.2. Synthesis of the sulfonated polyimide/Nafion multilayer
membrane

The sulfonated polyimide/Nafion multilayer (NF-SPI-NF) mem-
brane was synthesized using a two-step method (Scheme 1). The
SPI-NF multilayer membrane was prepared by immersing sul-
fonated poly(amic acid) (SPAA) into the Nafion-containing solution
followed by thermal imidization during solvent evaporation. Syn-
thesis of SPAA with a molar ratio of NTDA:BDSA-Et3N:ODA of
1.0:0.6:0.4 was performed as follows. In total, 1.08 g (2 mmol)
BDSA-E3tN and 0.6g (3 mmol) ODA were dissolved in 20 mL m-
cresol in a 100 mL three-necked flask. The solution was then stirred
with a magnetic stirrer under nitrogen atmosphere. Finally, 1.34¢g
(5 mmol) NTDA and 1.22 g (10 mmol) benzoic acid were introduced
and the mixture was stirred under ambient temperature for a few
minutes and then heated at 80°C overnight, the solution was then
poured into acetone. The fiber-like precipitate was filtered off,
washed thoroughly with acetone, and dried in a vacuum at 80°C
for 15h. The SPAA (in triethylamine salt form) was dissolved in
m-cresol (5wt.%), and the solution was cast onto glass plates and
dried in air at 80°C for 12 h. A flexible SPAA membrane was then
obtained and removed from the glass plate, and then immersed in
a Nafion-containing solution (Na* form). The Nafion coated SPAA
membrane was dried in an oven at 60°C for 6 h to remove resid-
ual solvents and at 180 °C for 24 h to imidize the SPAA into SPIL. The
NF-SPI-NF multilayer membrane was formed. The Nafion side layer
was 3-5 wm in thickness. The prepared membranes were soaked in
1M H,S04 at room temperature for 12 h. These membranes were
then thoroughly washed with de-ionized water.

2.3. Polymer characterization

2.3.1. Fourier transform infrared spectroscopy and ion exchange
capacity

The prepared membranes were tested by Fourier transform
infrared (FT-IR) spectroscopy with attenuated total reflection (ATR)

form (Perkin Elmer Spectrum One). A minimum of 8 scans were
signal-averaged with a resolution of 2cm~1! in the 4000-650 cm™~!
range. The ion exchange capacity (IEC) was measured using the
classical titration method. The dry membranes were soaked in
a saturated NaCl solution. Released protons were titrated using
0.1 M NaOH solution. The IEC value was recorded as an average
value for each sample in milliequivalent NaOH per gram polymer
(mequiv.g~1).

2.3.2. Measurements of water uptake and dimensional change

The water absorption values of SPI, Nafion, and NF-SPI-NF mem-
branes were determined at 30°C. These membranes were dried in
a vacuum at 100°C for 24 h, and then weighed and immersed in
deionized water at room temperature for 24 h. Wet membranes
were dried by wipe and immediately weighed again. The water
uptake (WU) of membranes was calculated based on weight per-
centage, as Eq. (1):

_ Wwet - Wdry

WU = x 100% (1)

dry
where Wyet and W,y are the weights of corresponding water-
swollen and dry membranes, respectively.

Dimensional change of membranes was investigated by
immersing round samples into water at room temperature for
a given duration. The changes in thickness and diameter were
defined as Eq. (2):

Ak=mah o)
Ate= W=
tq

where t4 and [ are the thickness and diameter of the membrane
dried inavacuum at 100 °C for 24 h, respectively; and t\ and L refer
to membrane immersed in deionized water at room temperature
for 24 h.

2.3.3. Thermal analysis

Thermogravimetric analysis (TGA) (TA Instruments-Q500) was
performed to estimate the thermal stability of dry membranes and
water weight loss of wet membranes. The temperature was heated
t0 900 °C at the rate of 10°C min~! under nitrogen atmosphere. The
weight of sample is about 5-10 mg.

2.3.4. Proton conductivity

Transverse proton conductivities of membranes were measured
by an AC impedance analyzer (Autolabe PGSTA30) over a fre-
quency range of 1-10,000 kHz. The membranes, roughly 40-60 pwm
in thickness, were sandwiched between two stainless steel elec-
trodes, and placed in an open, temperature-controlled cell. Films
were preliminarily hydrated by immersion in room-temperature
water for 2 h.

Conductivity o in the transverse direction was calculated from
impedance data, as Eq. (3):

d

o= RA (3)
where d and A are the thickness and surface area of the membrane
sample, respectively, and R is resistance. Proton conductivities
of membranes were also measured as a function of temperature
(30-80°C) in deionized water.

2.3.5. Oxidative stability

A small piece of membrane sample (30-40 mg) was soaked in
Fenton’s reagent (30 ppm FeSO4 in 30% H,0,) at 25°C. Stability
was evaluated by recording the time when membranes became a
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Scheme 1. Synthesis of SPI and SPI-NF.

little brittle (timel=17;) and completely dissolved in the reagent
(time2=13) [12].

2.3.6. Morphological analysis

The cross-sectional morphology of the SPI-NF multilayer
membrane was examined by Field Emission Scanning Electron
Microscope (FE-SEM) (JEOLJSM-7401F).

2.4. Preparation and evaluation of the membrane electrode
assembly

To fabricate an membrane electrode assembly (MEA) for
PEMFC, a 5wt.% Nafion solution (136.2mg) and a 20wt.% Pt/C
(E-TEK) (12.6mg) were mixed with isopropyl alcohol in a
beaker. The Pt/C catalyst loading on the anode and cathode was
0.5 mg Pt per cm?. An MEA was prepared by hot-pressing the elec-
trode/membrane/electrode into a sandwich at 140°C for 5min
under 50kgfcm~2. The MEA was put in a single-cell test equip-
ment (active area, 5 cm?) (Asia Pacific Fuel Cell Technologies, Ltd.),
and then was installed in a fuel cell test station (model FCED-P50;
Asia Pacific Fuel Cell Technologies, Ltd.). The follow rate of reac-
tant gases (H, and O,) and single-cell temperature can be changed
in this fuel cell test station. The humidifier gas temperature and
cell temperature of the PEMFC were maintained at 30°C, and 70°C,
using H, and O, at feed rates of 100 and 200 mL min~!, respectively,
with a bulk gas pressure of 0.3 MPa.

To test the durability of the cells with Nafion 212, SPI and SPI-
NF membranes, cells were measured at a constant current density

of 200mAcm~2, and at 30°C under a humidified condition. The
flow rates of inlet gases were maintained at 100 mLmin~! and
200 mLmin~! for H, and O,, respectively. Cell voltage was mon-
itored during operation.

3. Results and discussion
3.1. Synthesis and characterization of the SPI-NF membrane

A novel and simple thermal imidization method was applied to
prepare the SPI/Nafion multilayer (NF-SPI-NF) membrane from an
sulfonated poly(amic acid) and Nafion-containing solution (the Na*
form). The NF-SPI-NF membrane was prepared by immersing the
SPAA membrane into Nafion solution followed by solvent evapo-
ration and imidization as shown in Scheme 1. The Nafion film was
firmly anchored on both sides of the SPI membrane via the inter-
penetration effect. In other words, the boundary between SPI and
Nafion disappeared after interpenetration, and Nafion successfully
adhered to the SPI membrane.

The SPI was created as anionomer with anion exchange capacity
(IEC) value of 1.88 mequiv. g~!. This IEC value is close to its theoreti-
cal value of 1.90 mequiv. g~1, indicating that copolymerization was
successful and sulfonate groups were introduced into polymers.

The SPI-NF multilayer membrane in its proton form was char-
acterized by FT-IR spectra. Fig. 1 shows the FT-IR spectra of SPI,
NF-SPI-NF, and Nafion 212 membranes. The strong absorption
bands around 1714cm~! (vas (C=0)), 1673 cm~! (vs (C=0)), and
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Fig. 1. FT-IR spectra of the SPI, SPI-NF and Nafion 212 membranes.

1347 cm~! (v (C-N-C, imide)) were assigned to naphthalenic imide
rings [13]. The asymmetrical and symmetrical vibrations of the
0=S=0 groups in sulfonic acid groups were at 1197 cm~! and
1026 cm~1, respectively [13]. Complete imidization was supported
by the absence of an absorbance peak at around 1780 cm~!, which
was assigned to carbonyl groups in anhydride rings. The character-
istic peaks from fluoroethylenes of Nafion 212 were at 1203 cm™!
and 1145cm!, and were assigned to the asymmetrical and sym-
metrical F-C-F stretching vibration, respectively [14]. The higher
acidity sulfonic acid group of Nafion appeared at 1056cm~! [14].

3.2. Thermal properties

The thermal stability of the SPI, SPI-NF, Nafion 212 membranes
were analyzed using their TGA thermograms (Fig. 2), which indicate
that all membranes exhibited a three-step weight loss in nitro-
gen atmosphere. The first weight loss occurred at temperatures
less than 200°C due to loss of water molecules absorbed by the
highly hydrophilic -SOsH groups [15]. The second weight loss was
at roughly 300°C, and was attributed to decomposition of sulfonic
acid groups [12]. The third weight loss, at roughly 550 °C, was due
to the breaking down of SPI backbone. The weight loss of the NF-
SPI-NF at around 380-400 °C appeared more clearly than that of the
SPI due to the Nafion backbone breaking down as shown in Fig. 2.

Fig. 2 also shows the derivative thermogram (DTG). For the
NF-SPI-NF membrane, the second stage of weight loss at roughly
450°C, which is higher than that of the SPI membrane, was due
to the thermo weight loss of Nafion pieces, indicating that the
interpenetration effect between SPI and Nafion enhanced adhe-
sion. The SPI-NF has superior thermal properties and can be utilized

Table 1
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Fig. 2. TGA thermograms of the SPI, SPI-NF and Nafion 212 membranes.

as polymer electrolyte membranes for high temperature operating
conditions.

3.3. Properties of membrane

The water content in sulfonated polymers has an important
role in the transport of protons across membranes. In a fully
hydrated state, sulfonated polymers can dissociate to produce
immobile sulfonic acid groups and mobile protons in an aqueous
solution. The free protons moved through a localized ionic net-
work within fully water-swollen sulfonated polymer membranes.
Accordingly, suitable water content should be maintained in sul-
fonated polymer membrane to ensure high proton conductivity.
Table 1 lists the water content in SPI, SPI-NF, and Nafion 212 mem-
branes. Experimental results show that the SPI-NF membrane had
a absorbed slightly more water than the SPI membrane, indicating
that securely adhered Nafion on either side of the SPI membrane
can help keep absorbed water within the SPI-NF membrane.

Table 1 lists the proton conductivity of the SPI, NF-SPI-NF, and
Nafion 212 membranes. The proton conductivity of the NF-SPI-NF
membrane was higher than that of the SPI membrane, proving that
the Nafion layers were securely adhered to SPI. The Nafion will
increase the conductivity of SPIL.

The SPI, and NF-SPI-NF membranes had anisotropic swelling
with a larger change in the thickness than in the plane direction.
Anisotropic membrane swelling is due to the polymer chain aligned
in the plane direction [13].

3.4. Stability
Oxidative stability was characterized by the time needed for test

membranes to break down and dissolve completely. The NF-SPI-NF
membrane had better oxidative stability than the SPI membrane

Ion exchange capacity, water uptake, dimensional change, proton conductivity, and oxidative stability of proton exchange membranes.

Code IEC (mequiv.g~')? WU (%)° Proton conductivity Dimensional Oxidative stabilityd
(mScm—1)° change
30°C 80°C Atq (%) Alg (%) 71 (h) 73 (h)
SPI 1.90 35.0 79 160 25.0 7.2 49 68
SPI-NF - 375 95 165 25.0 8.7 73 110
Nafion 212 0.92 23.0 120 160 20.0 25 >80 -

2 Determined from potentiometric titration.

b Measured at 50°C.

¢ Measured in water.

4 At 30°C in 30% H,0; containing 30 ppm FeSOy,.
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(Table 1), because Nafion has structure resembling that of Teflon,
which resists oxidation by carrying a lot of C-F bonds [16]. There-
fore, the Nafion layer on either side of the SPI membrane effectively
improved oxidative stability.

3.5. Performance of the PEMFC under humidified condition

Fig. 3 shows the thermal effects (30°C, and 70°C) on a single
cell with the SPI, SPI-NF, and Nafion 212 membranes, under H, /0,
at 100/200 mL min~! and at the same temperature for humidifica-
tion of gases and the cell. Table 2 lists the PEMFC performance data
for the open circuit voltage (OCV), cell voltage at current density
of 1.0Acm—2 (V;), maximum power density (Wmax), through-
plane proton conductivity (o | rc), and resistance (R). Fig. 3(a) shows
the performance of PEMFC with the SPI, NF-SPI-NF, and Nafion

Table 2
PEMFC performance of SPI, SPI-NF, and Nafion 212 membranes.

212 membranes at 30°C. The cell performance of NF-SPI-NF and
Nafion 212 membranes had outstanding and better than that of SPI
membrane. The maximum power density of PEMFC with NF-SPI-NF
membrane was 626 mW cm~2, which is higher than that of PEMFC
with SPI and Nafion 212 membranes. This was because the high IEC
value (1.90 mequiv. g~1) of SPI layer provided more complete pro-
ton conduction pathway at 30 °C. The polarization curve of PEMFC
with SPI membrane had a larger voltage drop than that of PEMFC
with other membranes up to 1.0Acm~2, indicating that the SPI
membrane had higher activation and ohmicloss. The SPI membrane
may have large interfacial resistance because of poor adhesion
between the SPI membrane and catalyst electrode, resulting in
worse cell performance than the other membranes. Notably, the
through-plane proton conductivity (o, rc) under PEMFC operation
(Table 2) reflects cell performance behavior. Increased temperature
improved reaction kinetics and membrane conductivity, reported
in literature [17-19]. Fig. 3(b) shows the performance of PEMFC
with the SPI, NF-SPI-NF, and Nafion 212 membranes at 70 °C. Cell
performance of PEMFC with the NF-SPI-NF membrane was as good
as that of PEMFC with the commercial Nafion 212 membrane.
The maximum power density of the PEMFC with NF-SPI-NF mem-
brane was 763 mW cm~2, similar to that of the PEMF with Nafion
212 membrane (768 mW cm~2). In high current density region,
potential loss is due to mass transport limitations, which can be
associated with the diffusion problem of reactant gases. This diffu-
sion problem is due to water accumulation caused by crossover and
production via oxygen reduction, which made reactant gases more
difficult to reach the electrode catalyst sites as shown in Fig. 3(b).
Water flooding is more serious for PEMFC with the Nafion 212
membrane due to its higher water electro-osmotic drag coefficient
than that of the PEMFC with other membranes. Water crossover
behavior has been characterized [18,19]. Because the proton con-
ductor in the electrode was Nafion and NF-SPI-NF membranes, the
NF-SPI-NF fabricated in this work can avoid direct contact between
the SPI membrane and catalyst electrode, and can help decrease
interfacial resistance.

3.6. Durability

Fig. 4 shows the diagram of time course versus cell voltage dur-
ing operation at a constant current density of 0.2Acm~2. Both
the NF-SPI-NF and the Nafion 212 membranes had good dura-
bility and operated successfully for 120 h. However, the PEMFC
with SPI membrane had the largest decline in cell voltage during
operation, leading to the performance stopping of the fuel cell. Per-
formance of the PEMFC with NF-SPI-NF membrane was comparable
to that of the EMFC with Nafion 212 membrane, indicating that
decreased ohmic loss of the PEMFC with NF-SPI-NF membrane was
due to enhance adhesion between the SPI-NF membrane and cata-
lyst electrode. The proton conduction pathway between the SPI-NF
membrane and the Nafion binder in the catalyst layer formed prop-
erly and was similar to that between the Nafion 212 membrane
and Nafion binder. The Nafion layers adhered to both sides of the

Temperature (°C) Code OCV (V) Vio (V) Rio (M cm—2)? o rc (MScm1)P Winax (MW cm~2)
30 SPI 0.94 0.54 0.225 533 592
SPI-NF 0.95 0.55 0.217 55.2 626
Nafion 212 0.95 0.54 0.219 54.8 620
70 SPI 0.95 0.60 0.0179 67.0 740
SPI-NF 0.94 0.61 0.0175 68.6 763
Nafion 212 0.97 0.62 0.0180 66.7 768
2 At1Acm2,

b Assuming that the membrane resistance is approximately equal to the cell resistance at 1 Acm~2.
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Fig. 5. SEM image of cross-section of the SPI-NF multilayer membrane.

SPI membrane, protecting it from free radical attacks, which may
occur during redox reactions. We argue that the proposed method
for preparing the SPI membrane coated on either side with a Nafion
layer during MEA fabrication is a very effective for achieving long-
term stable cell performance.

3.7. Morphology

Fig. 5 shows SEM micrographs of the NF-SPI-NF membrane cross
section. The cross-sectional morphology, indicates that the multi-
layer membrane had three layers. The Nafion layers on each side of
the SPIlmembrane adhered well to the SPl membrane. The thickness
of the Nafion layers was uniform.

After the durability test, cells were opened and the partial cross-
section of the MEA was examined by SEM. Fig. 6(a) shows the MEA
partial cross section of the SPI membrane. There are an interface
between the catalyst electrode and the SPI layer due to incom-
patibility and poor bonding between the Nafion binder and SPI
membrane. Fig. 6(b) shows an SEM micrograph of an MEA with
NF-SPI-NF membrane. The image shows good adhesion between
the catalyst electrode and NF-SPI-NF membrane.

NCHU Sh:80 SEM 3.0kV X600 WD 15.0mm  10pm

3.0kV WD 15.0mm  10pm

Fig. 6. SEM image of MEA partial cross-section for membranes after durability test:
(a) SPI and (b) SPI-NF.

4. Conclusions

In this work, NF-SPI-NF multilayer membranes were success-
fully prepared by immersing SPAA into the Nafion-coating solution.
The NF-SPAA-NF membrane was then thermally imidized via sol-
vent evaporation and an NF-SPI-NF membrane formed. The Nafion
layer was securely adhered to the SPI membrane via thermal
imidization. The NF-SPI-NF membrane had better proton conduc-
tivity than the SPI membrane with the same thickness under the
same conditions. The Nafion layer on either side of the SPI mem-
brane effectively enhanced the stability of native SPI. Performance
of the PEMFC with NF-SPI-NF membrane was better than that of
the PEMFC with SPI membrane, due to better adhesion between
the catalyst electrode and membrane.
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