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Sulfonated polyimide (SPI) is synthesized by a polycondensation reaction and proton exchange
membranes (PEMs) are prepared from the SPI/Poly(vinylidene fluoride) (PVDF) blends. Compared to
commercial Nafion, the SPI/PVDF blend PEMs have significantly improved swelling ratio of <3 % (vs.
~18 % for Nafion), as well as high proton conductivity of 75 mS/cm for 50 wt% of SPI content (vs. ~62
mS/cm for Nafion). The proton conducting mechanism in blend membrane was studied and dramatic
increases in proton conductivity and water uptake at ~30 wt% SPI were observed, which are proved by
TEM to be due to the transition from isolated SPI ionic domains in PVDF matrix to a bi-continuous

morphology - a percolation phenomenon.

Introduction

Recently, there has been considerable interest in the development
of fuel cells, especially hydrogen powered fuel cells, which
cleanly convert the chemical energy of fuels directly into electric
energy and heat with high efficiency. A key component of
hydrogen based fuel cells is the proton exchange membrane
(PEM), which transports protons from the anode to the cathode
and separates fuels and the oxidant. Nafion, the prototype PEM,
has high proton conductivity and excellent chemical and
mechanical stability at moderate temperatures in the harsh fuel
cell environment. Although the actual morphology of hydrated
Nafion is still under investigation, it’s widely agreed that
microphase-separation of Nafion’s perfluorocarbon backbone and
pendent perfluorosulfonic acid groups accounts for its high
proton conductivity."* The two domains of Nafion provide
separate properties: the hydrophilic domain supports efficient
proton transport while the hydrophobic domain provides
mechanical and chemical stability. Despite the high performance
of Nafion in fuel cells, its high manufacturing cost, drastically
reduced proton conductivity above 80 °C, environmental
incompatibility, and severe methanol permeability limit its use in
fuel cell applications.*

Developing alternatives to Nafion, especially those that can
operate at high temperatures, is a major challenge in current fuel
cell research. The usual design strategy for such membranes has
been to synthesize sulfonated analogues of thermally stable
polymers, such as sulfonated poly(arylene ether ether ketone),*”
sulfonated  polyimides,*® sulfonated polysulfone,”'" and
sulfonated polystyrene.'>'* Membranes derived from these
polymers have advantages over Nafion in terms of cost and
reduced methanol cross-over, but in their hydrated state, they
generally suffer from poor dimensional, chemical, and
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mechanical stability.'*'® The problems associated with sulfonated
polymers can be overcome by the use of polymer blends, which
are comprised of a hydrophilic polyelectrolyte phase-embedded
in a non-conductive material for reinforcement.

The two components of a blend membrane provide
complementary functions: the polyelectrolyte provides proton
conductivity; a second polymer affords mechanical integrity.
Blending usually involves commercially available polymers or
inexpensive polymer precursors, which makes it a simple and
cost-effective route to produce PEMs. More importantly, the
blending approach eliminates the need to optimize the
mechanical, chemical and physical properties in a single polymer
chain, which renders it a great potential to develop a wide variety
of PEMs. However, the blend morphology is crucial since the
conducting phase must be continuous for meaningful proton
conductivity. Similar with Nafion whose high proton conductivity
has been ascribed to the continuous channel morphology when
hydrated, analogous bi-continuous blends should also exhibit
high proton conductivities.

Selecting the right polyelectrolyte is very critical for blend
membranes. The naphthalenic sulfonated polyimides (SPIs) are a
widely studied polyelectrolyte system due to their excellent
thermal oxidative, chemical, and mechanical stability, high
proton conductivity, good film-forming ability, and low methanol
and gas permeability.**'®2* However, SPIs usually tend to swell
extensively. Poly(vinylidene fluoride) (PVDF) is an excellent
candidate for the hydrophobic host in blend membranes: PVDF is
commercially available, chemically and mechanically stable, and
can be easily processed into membranes.”>* In addition, PVDF
based membranes have reduced methanol permeability and
swelling ratios, and exhibit good performance in direct methanol
fuel cells (DMFC).?3° Regardless of the excellent chemical,
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thermal, electrical and mechanical properties of SPI and PVDF,
the blend of these two materials has rarely been investigated.
Herein, we report the blend membranes derived from 100%
degree of sulfonation (DS) SPI and PVDF. The SPI was
synthesized by direct polymerization of nathphalenic dianhydride
and sulfonated diamine monomers. With its 100% DS SPI
exhibits excellent proton conductivity, while the rigid PVDF
matrix, incompatible with SPI, provides mechanical and
dimensional integrity. The membranes’ ion exchange capacity
(IEC) can be easily modified by varying the ratio of SPI to
PVDF. Morphology characterization of PEM cross-sections by
TEM reveals micro-phase separation of the two incompatible
materials which changed into a bi-continuous system above a
percolation threshold of the SPI conetnt in PEMs. Without
significant effort in process optimization, the obtained SPI/PVDF
blend membrane exhibits higher conductivity than Nafion at the
optimal composition, with significant improvement in
dimensional stability.

Experimental
Materials

Unless otherwise specified, all chemicals and solvents were ACS
reagent grade and used as received from commercial suppliers
without further purification. Dimethyl sulfoxide (DMSO) was
dried over activated 4 A molecular sieves, and triethylamine
(TEA) and m-cresol were distilled before use. 4,4’-Diamino-
biphenyl 2,2’-disulfonic acid (BDSA), received from TCI, was
purple before purification. BDSA was purified by dissolving in
an aqueous TEA solution and then precipitating upon the addition
of IM HCI. The process was repeated until BDSA was obtained
as a white solid which was then dried under vacuum at 70 °C
overnight prior to use. Nafion 117, PVDF (M,, = 534,000 Da),
and 1,4,5,8-naphthalene tetracarboxylic dianhydride (NTDA)
were purchased from Sigma-Aldrich. NTDA and benzoic acid
were dried under vacuum at 170 °C and 60 °C overnight,
respectively, prior to the polycondensation reaction.

Synthesis of sulfonated polyimide (triethyl ammonium salt)
(SPI)

Under N,, BDSA (0.69 g, 2 mmol), TEA (0.7 mL, 5 mmol), and
m-cresol (6 mL) were added to a 100 mL three-neck round
bottom flask and were vigorously stirred with a mechanical
stirrer. After the BDSA was completely dissolved at 80 °C,
NTDA (0.53 g, 2 mmol) and benzoic acid (0.34 g, 2.8 mmol)
were added. The reaction system was stirred at 80 °C for 4 h, and
then additional m-cresol (20 mL) was added to dilute the viscous
mixture. The reaction temperature was increased to 180 °C. After
14 h, the heating was discontinued, DMSO (100 mL) was added,
and the system was allowed to cool. The mixture was poured into
ethyl acetate (500 mL) to precipitate the polymer. The crude
polymer was isolated by filtration and then re-precipitated twice
by dissolving the polymer in DMSO (100 mL) and precipitating
into ethyl acetate (500 mL). Finally, the SPI was dried under
vacuum at 80 °C overnight (1.1 g).

Film casting

Blend membranes were fabricated by the solvent-casting method.
ss This procedure describes the preparation of 10 mg membranes.

3

3

Predetermined amounts of PVDF and SPI were dissolved in
DMSO in separate vials using magnetic stirring. Each solution
was fixed at 0.02 g/mL, and the total mass of SPI and PVDF was
10 mg. The two solutions were combined and stirred until the
system was homogeneous. Membranes were solution-cast by
adding the mixed solutions drop by drop onto a clean glass plate
from ~5 cm height at room temperature, typically covering a full
~4x1 cm? area, and carefully dried with infrared heat at ~60 °C in
air. The infrared heat must be uniformly applied to membrane
surfaces to avoid inhomogeneous heating and ensure the desired
morphology. After ~3 hours, the membrane had turned
translucent, and the glass plate was transferred to a vacuum oven
at 80 °C for further drying overnight. The dried membranes (5-15
um thick) were cut to size (~3x0.5-1 cm?®) and then removed
from the substrate by immersing in water. The as-synthesized
membranes were soaked in 1 M HCI for 48 h to ensure that all
sulfonate groups in the membranes were in their acidic form. The
membranes were then washed extensively with water, and prior
to conductivity tests, PEMs were stored in Milli-Q water.

Characterization

'"H NMR analyses were performed at room temperature in
deuterated DMSO on a Varian UnityPlus 500 spectrometer at 500
MHz with the residual solvent proton signals as chemical shift
standards. FT-IR spectra were acquired from a Mattson Galaxy
300 spectrometer purged with dry nitrogen, with the signal
averaging 128 scans at a resolution of 4 cm™. All FT-IR samples
were dried, mixed with KBr, ground, and then pressed into
pellets. Thermogravimetric analyses (TGA) were carried out in
air on Perkin-Elmer TGA 7 instruments at a heating rate of 10
°C/min. TGA samples were dried under vacuum at 80 °C
overnight prior to analysis. Dried samples were held at 120 °C in
the TGA apparatus for 30 min prior to initiating the run. The
microstructure of blend membranes was imaged using a JEOL-
100CX transmittance electron microscope. To prepare membrane
cross-sections for TEM analysis, membranes were immersed in
0.5 M AgNO; solution overnight to stain the ionic domains by
ion exchange of sulfonic acid groups for silver. Samples were
rinsed with water, and then dried under vacuum at 80 °C
overnight. The stained membranes were embedded in epoxy
resin, dried at 50 °C for 24 h, and then sectioned with an
ultramicrotome to generate ~100 nm-thick slices. The slices were
picked up with TEM copper grids.

Conductivity measurements

The membrane proton conductivities were measured with an
alternating current (AC) impedance analyzer HP 4192A over the
frequency range from 5 Hz to 13 MHz. Membranes were placed
between two Pt electrodes in a home-made Teflon cell. The entire
setup was kept in Milli-Q water at controlled temperatures for at
least 10 min to saturate membranes and impedance was measured
in the in-plane direction. From the Nyquist plot, the resistance of
the membrane was estimated, and then the membrane proton
conductivity was calculated using the electrodes distance and
membrane cross-sectional area, as shown in equation (1):

L
G:
Rx A
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Scheme 1. Synthesis of sulfonated polyimide (triethylammonium
salt) (SPI).

Where o is the membrane proton conductivity, L represents the
distance between two electrodes, 4 stands for the membrane
cross-sectional area, and R is the bulk membrane resistance
estimated from the Nyquist plot.

Water uptake

The water uptake of membranes was measured gravimetrically.
After equilibration in Milli-Q water for two days at room
temperature, membranes were removed from water, and weighed
after the surface water was quickly removed using a Kim-wipe.
Membranes were then dried under vacuum at 50 °C overnight and
the weight of dried membrane was measured. The membrane
water uptake was calculated according to equation (2):

Water uptake = = x100%

(@)
dry

where W, stands for the mass of wet membranes and Wy,

represents the weight of dried membranes.

Dimensional stability

Membranes were saturated in Milli-Q water for two days at room
temperature before the dimensions of swollen membrane were
measured. After drying under vacuum at 50 °C overnight, the
dried membranes were measured. The swelling ratio was
calculated from the length (longest dimension) of the membrane,
as shown in equation (3):

Loa =Ly | 100%
L

dry

3)

where L,. and L,, represent the lengths of wet and dried
membranes, respectively. The uncertainty in the measurement is
<3 %.

Theoretic ion exchange capacity (IEC)
The ion exchange capacity (IEC) of membranes was calculated
from the molecular weight of SPI repeating unit and SPI weight

content in each membrane. The IEC was calculated as shown in
equation (4):

m,.
IEC=—~

dry

“)

where my;. expresses the quantity of sulfonic acid groups.
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Fig. 1 500 MHz 'H NMR spectrum of SPI.
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Results and Discussion

so Synthesis and characterization of SPI

SPI was synthesized by step growth polymerization of BDSA and
NTDA as illustrated in Scheme 12! Using the sulfonated
diamine monomer avoided the drawbacks associated with “post-
sulfonation” method, which usually results in low sulfonation

ss degrees, cross-linking, and polymer chain degradation.'

The chemical structure of SPI was confirmed by '"H NMR
spectroscopy (Fig. 1). Proton peaks from the ethyl groups at ~1.1
and 3.0 ppm confirmed the presence of the triethylammonium
moiety in the polymer. Peaks at 8.7-8.8 ppm were assigned to the

¢ naphthalenic and ammonium protons, while the peaks at 7.35,

7.8, and 8.0 ppm were attributed to phenylene protons in the
BDSA polymer segments.”
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Fig. 3 Thermogravimetric analysis of SPI, run at a heating rate of
10 °C/min in air.

FT-IR spectroscopy verified the SPI structure (Fig. 2). The
spectrum showed strong and broad O—H stretching bands at 3435
em’! due to water absorbed by the hygroscopic polymer. Bands
between 3200 cm™ and 3000 cm™ were assigned to aromatic C—H
stretching while bands from 3000 cm™ to 2900 cm™' resulted from
aliphatic C—H stretching of the triethylammonium moiety. The
characteristic C=0 symmetric and antisymmetric stretching bands
at 1715 em™' and 1670 cm™, and the C-N—C bending mode at
1340 cm™ confirmed the presence of the naphthalenic imide. In
addition to the characteristic peaks at high wavenumbers, the SPI
structure was supported by the S=O antisymmetric and S=0O
symmetric stretching bands at 1190 c¢m” and 1030 cm’,
respectively. The absence of the characteristic peak at 1780 cm™
for a polyamic acid indicated a high degree of imidization.

Thermogravimetric analysis (TGA) was performed to
investigate the thermal stability of SPI. As presented in Fig. 3,
there are two major weight loss events. The first weight loss (~30
%) commenced at ~200 °C and continued to 400 °C which is
likely due to desulfonation.’' The weight loss observed above 400
°C corresponds to the oxidative degradation of the aromatic
backbone of the polymer.

Fabrication and characterization of PEMs from the blending
of SPI and PVDF

The synthesized SPI is soluble in aprotic solvents (for example,
NMP and DMSO) and m-cresol. Blend PEMs were obtained by
solution-casting a DMSO mixture of SPI and PVDF onto flat
glass surfaces. Once soaked in water, the dried membrane
samples were easily peeled from the glass substrate, and after
acidification, the membranes had a yellow color. Table 1
summarizes the composition and experimental results from the
blend membranes.

Water uptake and proton conductivity

A key parameter of PEMs is water absorption. Membranes
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Fig. 4 Blend membrane proton conductivity and water uptake as
a function of membrane IEC. (The lines are a guide to the eye).

require water to dissociate SOsH groups and act as “vehicles” to
transport protons from the anode to the cathode; however, too
much water usually results in severe swelling and poor
mechanical strength. Ideally, the water uptake facilitates high
proton conductivity without sacrificing a membrane’s mechanical
properties. The ion exchange capacity (IEC), expressed as mmol
acid/g of sample, defines the number of charge carriers in a
membrane and is directly correlated to a membrane’s ability to
absorb and retain water. As shown in Fig. 4, membrane water
uptake increased linearly with SPI contents up to about 0.72
meq/g (~28 wt% SPI). However, beyond this value, water uptake
increased drastically, indicating a change in the membrane
morphology.** Since PVDF is hydrophobic, the SPI phase is
primarily responsible for water absorption. When the SPI content
in blend membranes is low, most sulfonic acid groups are isolated
in ionic clusters distributed throughout the continuous PVDF
matrix, and water may be accessible to only a few clusters. As the
SPI content increases, accessible ionic clusters either increase in
size or link to adjacent clusters, increasing the measured water
uptake. When the SPI content in blend membranes exceeded ~30
wt%, the membrane morphology of isolated ionic clusters in
PVDF transformed to a bi-continuous network of water swollen
channels in a PVDF matrix. Above the apparent 30 wt%
percolation threshold, water uptake increased linearly, but at a
higher rate. Not surprisingly, a pure PVDF membrane (IEC = 0)
had zero water absorption.

Proton conductivity is one of the most important parameters
for evaluating the performance of PEMs as well as the
practicability of fuel cells. It is widely accepted that the proton
conductivity of PEMs is strongly related to the number of charge
carriers (H"), so an ideal membrane would have a high sulfonic
acid content without sacrificing the PEMs’ mechanical properties.
The conductivity tests were conducted with the cell submersed in
Milli-Q water (100 % RH), and proton conductivities were
measured for the series of blend membranes as a function of
membrane IEC (Fig. 4). Pure PVDF membranes (IEC = 0) and

Page 4 of 8
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Table 1 Summary of SPI/PVDF membrane characteristics.

SPI wt% in PEMs 1IEC Conductivity at rt Conductivity at 60 °C Swelling ratio Water uptake
(meq/g) (mS/cm) (mS/cm) (%) (Wt%)
0 0* 0 0 <3 0
10 0.26* 0 0 <3 2
20 0.51* 0 0 <3 6
30 0.77* 7 13 <3 11
40 1.03% 41 73 <3 25
50 1.29° 75 140 <3 47
Nafion 117° 0.91* 62 110 18* 21

*IEC values were calculated from the SPI repeating unit (My, = 778 g/mol) and the composition of blend membranes.
®Nafion 117 was included for comparison.

s Fig. 5 Cross-sectional TEM images of blend membranes with
different SPI contents: (a) 10 wt%; (b) 20 wt%; (¢) 30 wt%; (d)
40 wt%; and (e) 50 wt%.

blend membranes with an IEC value < 0.72 meqg/g had no

10 measurable proton conductivity, which is consistent with the
isolated ionic clusters assumption. Beginning at IEC of 0.77
meq/g (30 wt% SPI), the presumed percolation threshold, proton
conductivity increased linearly from 7 to 75 mS/cm (50 wt% SPI)
at room temperature.

15 The proton conductivity of Nafion 117 was measured as a
control for conductivity experiments (Table 1). At room
temperature, the conductivity of Nafion 117 was 62 mS/cm,
which is reasonably close to the reported conductivity data (60
mS/cm).* The proton conductivity of a 50 wt% SPI blend PEM

20 was higher than Nafion 117 at both room temperature and 60 °C.
The high conductivity of the blend membranes might be due to
continuous proton conducting SPI phase separated from the
hydrophobic PVDF analogous to Nafion 117.3*

The proton conductivities of both blend membranes and

25 Nafion 117 were relatively low at room temperature but increased
rapidly as the temperature was raised to 60 °C. The elevation of

S Fey O Mm |
Fig. 6 Surface SEM images of blend membranes with different
SPI contents: (a) 10 wt%; (b) 20 wt%; (c) 30 wt%; (d) 40 wt%;
and (e) 50 wt%.

30
temperature might have stimulated the dynamics of proton
transport and structural reorganization, which favors fast proton
conduction.*® Moreover, temperature increase might activate both
the proton diffusion and molecular diffusion leading to improved

3 proton conductivities at high temperatures.*®

Microstructure of blend PEMs

The nature of acid groups, chemical composition, and membrane
microstructure all contributes to the properties of PEMs. To
obtain direct morphologic information, ~100 nm-thick cross-
40 sectional slices of blend membranes were analyzed by TEM. Fig.
5 displays images of SPI/PVDF blend membranes with different
blending ratios. After staining with Ag+, the SPI appears as dark
regions, while the matrix material, PVDF, is brighter. A phase-
separated morphology was seen for all compositions. Blend
4s membranes with 10-30 wt% SPI show randomly distributed ionic
domains; the domain size seems constant, but the areal density of
domains increases with SPI contents. TEM images of membranes

This journal is © The Royal Society of Chemistry [year]
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with >30 wt% SPI content show ionic domains interconnected
into a continuous network. The images in Figs. Sc and 5d provide
direct evidence for a percolation phenomenon near 30 wt% SPI.
The TEM image of the membrane with 40 wt% SPI content
shows an apparent bi-continuous morphology with conducting
paths for proton transport, which is consistent with the
conductivity and water uptake studies. The ionic domains have
sizes of 30-100 nm. A finer phase-separated morphology was
found in the 50 wt% SPI blend membrane, and the domain size
dropped to 20-40 nm. The constant ionic domain size of blend
membranes with 10-30 wt% SPI might be due to independent
aggregation of SPI in PVDF matrix. Above the percolation
threshold the isolated ionic domains interconnect causing
possible domain size increase. However, when there is sufficient
amount of SPI the ionic domains can be easily bridged during
solvent evaporation before domain size grows resulting in denser
but smaller domain sizes, which might explain the drop of ionic
domain size from blend membrane with 40 wt% SPI content to
50 wt% SPI. Scattered black dots seen in most images are likely
silver oxide clusters generated through the photolysis of silver
nitrate, which was applied for staining blend membranes.
However, once the SPI content reached 60 wt% the resulting
membranes became brittle, which might be due to the reduced
continuity of the PVDF phase with increased SPI content. While
the cross-sectional TEM images provide direct evidence for a
phase-separated structure in dried membranes, water saturated
membranes might have different ionic domain sizes or domain
connections.

As PEMs are used as not only a proton conductor but also a
separator to prevent the mixing of fuels with the oxidant, PEMs
cannot have pin holes, which will allow permeation of fuels. We
used SEM to obtain the surface microstructure of blend
membranes that had been kept in water for over a week, and then
dried (Fig. 6). No holes were seen for any compositions. The
SEM image of the membrane with 10 wt% SPI content showed a
homogeneous surface structure. The roughness of the blend
membrane surfaces increased with the SPI contents. The image in
Fig. 6e showed a spherical morphology in a 50 wt% SPI
membrane. It is noteworthy that the SEM images were taken
from the blend membranes which had been kept in water for over
a week, suggesting that blend PEMs were hydrolytically stable.

Swelling properties

High proton conductivity and minimal swelling properties are
highly desirable for PEMs. Membrane dimensional stability was
characterized by measuring the dimensional changes between the
dry and water saturated states which are usually reported by
either membrane length or area or volume changes.*?’
Membranes that swell excessively can detach from the electrode
surfaces as most electrodes do not swell, resulting in mechanical
stress.® As illustrated in Table 1, Nafion 117 equilibrated in
water increased 18 % in length compared to the dry film and
similar swelling behavior was observed for the width direction.
On the contrast, no measurable changes in membrane dimensions
were observed for the blend membrane systems and the reported
<3 % swelling ratio in length was estimated from the
experimental error. In order to avoid generating more error during
calculation for area or volume, the dimensional change in
membrane length was used for calculating the swelling ratio. The
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severe expansion of Nafion 117 explains its poor performances in
direct methanol fuel cells (DMFCs), as the permeability of
Nafion to methanol is related to the high swelling of Nafion in
water. The very low water swelling behavior of the blend
membranes may be due to the rigid matrix of crystalline PVDF
which suppressed the water swelling of SPI in hydrated
membranes. It has been reported that most SPI based proton
exchange membrane systems have low methanol permeability.'®
The as-synthesized blend PEMs should have advantages over
Nafion in methanol cross-over due to much less swelling in
water.

Conclusions
A SPI with 100 % DS was prepared by the direct
polycondensation reaction of a naphthalenic dianhydride

monomer and a sulfonated diamine monomer. A series of PEMs
were prepared by blending SPI with PVDF followed by
acidification, of which the PEM with 50 wt% of SPI content
revealed higher proton conductivity than Nafion 117. A
percolation phenomenon was observed when the weight content
of SPI in PEM reached 30 % where both proton conductivity and
water uptake drastically increased and then stayed proportional to
the weight fraction of SPI. The 30 wt% percolation threshold was
also confirmed by TEM cross-sectional images which showed
densely scattered ionic domains getting connected. A bi-
continuous morphology was observed in PEMs with 40 wt% and
50 wt% SPI. In addition, the blend membranes showed a high
dimensional stability. This blend PEM system should also be
more cost effective compared to Nafion due to much easier
synthesis and film processing.
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Sulfonated Polyimide and PVDF Based Blend Proton Exchange Membranes for Fuel
Cell Applications

Blend proton exchange membranes were prepared from sulfonated polyimide and PVDF and
a percolation threshold of 30wt% SPI was observed.
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