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ABSTRACT

A series of reinforced composite membranes as proton exchange membranes were prepared from
Nafion®212 and crosslinkable fluorine-containing polyimides (FPI). FPI was prepared from the poly-
merization of 4,4’-(hexafluoroisopropylidene) diphthalic anhydride (6FDA), 2,2'-bis(trifluoromethyl)-
4,4'-diaminobiphenyl (TFMB), and 3,5-diaminobenzoic acid (DABA). Then FPI was thermally crosslinked
during the membrane preparation and formed the semi-interpenetrating polymer networks (semi-IPN)
structure in the composite membranes. The thermal properties of the composite membranes were char-
acterized by thermogravimetric analysis. The crosslinking density of FPI in the composite membranes was
evaluated by the gel fraction. These membranes showed excellent thermal stabilities and good oxidative
stabilities. Compared with Nafion®212, the obtained composite membranes displayed much improved
mechanical properties and dimensional stabilities. The tensile strength of the composite membranes
was more than twice that of Nafion®212. The composite membranes exhibited high proton conductivity,
which ranged from 2.3 x 10-2Scm~" t0 9.1 x 10~2 Scm~!. All membranes showed an increase in proton

conductivity with temperature elevation.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

As one of the key component of polymer electrolyte mem-
brane fuel cells (PEMFCs), proton exchange membranes (PEMs)
have to combine various properties such as excellent chemical
stability especially against oxygen and free radicals, mechanical
stability with reasonable swelling ratio as well as high proton
conductivity [1-5]. Perfluorinated sulfonic acid polymers, such
as Nafion® membranes, were the most commonly used materi-
als in practical systems for their high proton conductivity and
extremely high oxidative stability. However, due to the poor
dimensional stability, low mechanical properties of Nafion® at
high humidity and high temperature, as well as high cost, an
essential need for cost-effective and reinforced substitutes with
improved performance arises [6-9]. Nafion® blended with the sec-
ond component could not only reduce the cost, but also improve
the mechanical properties and the dimensional stability. Recently,
the reinforced composite membranes based on Nafion® mainly
include Nafion®/PTFE (porous) composite, Nafion®/PTFE (fibrous)
composite membranes, and Nafion®/carbon nanotubes compos-
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ite membranes [10-19]. The introduction of the non-conducting
components will reduce the proton conductance of the composite
membranes. However, the proton conductance of the composite
membrane could be improved by reducing the thickness of the
membrane if the mechanical property of the membrane is good
enough. Nevertheless, the mechanical properties of the porous and
fibrous PTFE are limited.

Aromatic polyimide is a class of high performance engineer-
ing plastics with high tensile strength, unique heat resistance, as
well as excellent chemical and oxidative stabilities, etc. [20,21].
The composite membranes based on crosslinkable polyimide and
Nafion® can form semi-interpenetrating polymer networks (semi-
IPN) within the membranes. The composite membranes with
semi-IPN structure could greatly improve the mechanical proper-
ties and the dimensional stability of pure Nafion®. In this work,
the fluorine-containing polyimide with reactive carboxyl groups
(FPI) was synthesized via ‘one-pot’ method. The bond energy of
C-F is much higher than that of C-H bond, which gives the better
chemical stability of C-F bond than that of C-H bond. By solution
casting method, a new kind of PEMs based on FPI and Nafion®212
was prepared. The carboxyl group of FPI reacted with diethylene
glycol (EG) at high temperature during the membrane preparation,
which formed the semi-IPN structure of the composite membranes.
The mechanical properties, proton conductivity, oxidative stability
of these composite membranes were also investigated systemati-
cally.
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2. Experimental
2.1. Materials

3,5-Diaminobenzoic acid (DABA) was purchased from Shang-
hai Bangcheng Chem. Co. 4,4’-(Hexafluoroisopropylidene) diph-
thalic anhydride (6FDA, >99%) and 2,2’-bis(trifluoromethyl)-4,4'-
diaminobiphenyl (TFMB, >98%) were purchased from Shanghai
Darui Fine Chem. Co., and both of them were used as received.
Nafion®212 was from DuPont Co. N-Methylpyrrolidone (NMP), iso-
quinoline (spectroscopically pure), methanol (99.7 wt%, AR grade),
and diethylene glycol (EG) were supplied by Shanghai Chemical
Reagent Co.

2.2. Synthesis of crosslinkable polyimide

A synthetic procedure of crosslinkable fluorine-containing
polyimide was described below using starting monomers of
6FDA/TFMB/DABA (10/9/1, mol/mol) as an example. To a 100 mL
completely dried three-necked flask, which was equipped with a
mechanical stirring device, condenser and a nitrogen inlet, 3 mmol
6FDA, 2.7 mmol TFMB, 12 mL NMP, and 0.78 mL isoquinoline were
added. After the mixture was stirred under nitrogen flow at room
temperature for 8 h, 0.3 mmol DABA was added and stirred at room
temperature for another 8 h. Then the mixture was heated at 200 °C
for 12 h. After cooled to 100 °C, the mixture was poured into 200 mL
methanol. The fiber-like precipitate was filtered off, washed with
methanol thoroughly, and dried in vacuum at 120°C for 24 h. The
synthetic scheme and chemical structure of the crosslinkable poly-
imide was shown in Fig. 1. FPI with different DABA content is named
FPI-X, in which X represents the mole percentage of DABA.

2.3. Preparation and crosslinking of the composite membrane

The composite membranes are named CM-X-Y, in which Y rep-
resents the weight ratio of FPI-X in the composite membranes, and
X is the mole percentage of DABA in FPI as mentioned before. At
the same time, UCM-10-15 (uncrosslinked CM-10-15) was also
prepared as a comparison. A preparation procedure of the compos-
ite membranes is described below using CM-10-15 as an example.
0.15 g FPI and 0.85 g Nafion®212 were dissolved in 9 mL NMP. Then
0.9 mL diethylene glycol (EG) was added to the solution. The mix-
ture was stirred at room temperature until EG was dissolved in
NMP completely. The solution was cast on glass plates at 80°C for
10 h to evaporate the solvent, and then heated at 150°C for 24 h in
vacuum. Then the plates were put into the deionized water until
the film fell off naturally and dried in vacuum at 150 °C for 24 h.

2.4. Characterization of the membranes

2.4.1. Fourier-transform infrared

FTIR analysis of the membranes was carried out by a
thermo Bruker EQUINOXSS/HYPERION2000 spectrometer. KBr pel-
let method was used.

2.4.2. "HNMR
TH NMR spectra of the polymers in deuterated dimethyl sulfox-
ide (DMSO) were recorded on a Varian Bruker AC-250 instrument.

2.4.3. Gel fraction

Gel fractions of the crosslinked networks were measured by sol-
vent extraction [22,23]. 0.1-0.3 g sample was placed in dimethyl
sulfoxide (DMSO) and Soxhlet extracting for 24 h. After removal of
the solvent by drying at 120°C for 24 h under vacuum, the remain-
ing mass was weighed as gel. Gel fractions were calculated by

dividing the weights of the gels by the initial weights of the net-
works.

2.4.4. Thermal analysis

Thermogravimetric analyzer (TGA) results of the membranes
were measured with a STA 449C (Netzsch Co.) in the temperature
range from 90°C to 700°C at a heating rate of 10°Cmin~! under
nitrogen atmosphere.

2.4.5. Tensile properties

Tensile properties of the composite membranes were performed
on a universal material testing machine (DXLL-5000) at a strain
speed of 50mmmin~! at room temperature according to ASTM
D882-02.

2.4.6. Dynamic mechanical analysis

Dynamic mechanical analysis (DMA) was performed with a TA
Instruments DMA 2980 mechanical spectrometer under nitrogen
in tension mode, at a frequency of 1.0Hz and a heating rate of
10°Cmin~!. The initial static force was set to be 1.0N.

2.4.7. Water uptake

The measurement of the water uptake of the membranes were
carried out by immersing three sheets of membranes (20-30 mg per
sheet) into water at 25 °C and 80 °C for 48 h, before which the mem-
branes were dried under vacuum at 100 °C for 2 days and weighed.
Then the membranes were taken out, wiped with tissue paper, and
quickly weighed on a microbalance. The water uptake (WU) of the
membranes was calculated from Eq. (1) [24,25]:

WU (%) = — 4% 100 (1)

where Wy, and Wyet are the data of dry and corresponding wet
membrane sheets, respectively. The water uptake of the mem-
branes was estimated from the average value of at least three
measurements for each sheet.

2.4.8. Swelling ratio

Before the measurement, the membranes were dried under vac-
uum at 100°C for 2 days and the length and the thickness of the
membranes were measured. Similar to the water uptake, the mea-
surement of the swelling ratio of the membranes was carried out by
immersing three sheets of membranes (20-30 mg per sheet) into
water at 25°C and 80 °C for 5 h, respectively. Then the membranes
were taken out. The length of the swollen membrane was mea-
sured by vernier caliper. Swelling ratio (SR) of the membranes was
calculated from Eq. (2) [26]:
SR(%) = twet ~Lay 09 2)

Ldry

where Lyyy and Lyet are the length of dry and swollen membranes,
respectively. Swelling ratio of the membranes was estimated from
the average value of at least three measurements for each sheet.

2.4.9. Proton conductivity

The proton conductivity (o) of the composite membranes was
measured by Electrochemical Impedance Lab CHI 604B (CH Instru-
ments Inc.), which worked in the galvanostatic mode and produced
a proton current across the membrane. The test cell (Fig. 2) was
placed in a thermo-controlled water bath for measurement at rel-
atively humidity (RH) of 100%. The proton conductivity of the
composite membranes was measured at different temperatures.
opc was determined from Eq. (3):

d
Oopc = § (3)
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Fig. 1. Synthetic procedure of fluorine-containing polyimide with reactive carboxyl groups.

where d is the distance between the two electrodes and S is the
sectional area of the membrane, Z is the measured impedance of
the membrane.

2.4.10. Oxidative stability

The oxidative stability of the composite membranes was exam-
ined by immersing the membranes in Fenton reagent (30 ppm
FeSO,4 in 30% H,0,) at room temperature [27]. Oxidative stabil-
ity of the membranes was characterized by the elapsed time that
the membranes started to become a little brittle (the membranes
were broken after being drastically shaken).

3. Results and discussion

3.1. Synthesis of fluorine-containing polyimide with reactive
carboxyl groups

As depicted in Fig. 1, the fluorine-containing polyimide was
synthesized by copolymerization of 6FDA, TFMB, and DABA. By
changing the mole ratio of TFMB and DABA, a series of FPI with dif-
ferent DABA content ranging from 0% to 30% (mol%) were obtained.
The monomer feed ratio of FPI-X was listed in Table 1. The chem-
ical structure of FPI-X was characterized by FTIR and shown in
Fig. 3. The absorption bands at 1785cm~! and 1726cm~! were
assigned to the stretch vibration of carbonyl groups of imide ring.
The C-N-C stretching vibration of the imide ring was observed
around 1364 cm~!. Compared to FTIR spectrum of FPI-0, the peak at
1462 cm~! and 649 cm~! of FPI-X (X=10, 20, 30) was attributed to
the vibration of O=C-0 and O-H in the carboxyl group. To FPI-10,
FPI-20, and FPI-30, the absorption band at 1462 cm~! was getting

Fig. 2. Cell used for determination of membrane conductivity: (1) Teflon® block, (2)
membrane sample and (3) blackened Pt foil.

Table 1
The monomer feed ratio in the synthesis of fluorine-containing polyimide.

Polyimide 6FDA (mol) TFMB(mol) DABA(mol) X% (DABA/6FDA,
mol/mol)
FPI-0 10 10 0 0
FPI-5 10 9.5 0.5 5
FPI-10 10 9.0 1.0 10
FPI-15 10 8.5 1.5 15
FPI-20 10 8.0 2.0 20
FPI-30 10 7.0 3.0 30

stronger with increasing DABA contents. Fig. 4 shows the TH NMR
spectrum of FPI-10. The signals at 7.5-8.2 ppm are assigned to the
Ar-H bond. The peaks at 11.0 ppm were attributed to the carboxyl
group. Therefore, it could safely conclude that the carboxyl group
has been imported to FPI successfully.

3.2. Crosslinking and gel fraction of the composite membranes

By changing the weight ratio of FPI-X and Nafion®212 in the
membrane preparation, a series of composite membranes with dif-
ferent contents of FPI-X were obtained. The content of FPI-X in
the composite membranes can range from 5% to 30% (wt%) for the

3 1462 1364
1783 1726 !

¥ T T T T T d T ¥
2000 1800 1600 1400 1200 1000 800 600

Wavenumber/em™!

Fig. 3. FTIR spectrum of crosslinkable fluorine-containing polyimide (FPI-X) with
reactive carboxyl groups.
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Fig. 4. "H NMR spectrum of crosslinkable fluorine-containing polyimide (FPI-10)
with reactive carboxyl groups.

purpose to insure the membrane with relatively high mechanical
properties and proton conductivity. During the membrane prepa-
ration, the carboxyl in FPI can react with diethylene glycol (EG) at
high temperature and form the semi-IPN structure (Fig. 5) within
the composite membranes.

Gel fraction of the crosslinked networks can be regarded as
an indirect method for assessing the degree of crosslinking. The
measured gel fraction of the crosslinked membranes are given in
Table 2. As expected, the gel fraction of CM-X-15 increases with
increasing content of the carboxyl groups in FPI-X when Y equals
to 15. This proves that the carboxyl group in FPI can react with EG
and form networks. The higher the content of the carboxyl group
in FPI-X-15 is, the higher the crosslinking degree of the compos-
ite membranes is. For CM-10-Y series membranes, the gel fraction
decreases with increasing content of FPI-10 or with decreasing con-
tent of Nafion®212. This might be attributed to the reason that the
existence of the sulfonic group in Nafion®212 could catalyze the
crosslinking reaction.
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Fig. 5. Semi-IPN structure of the FPI/Nafion®212 composite membrane.
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Table 2
Gel fractions of the composite membranes.

Membranes Content of carboxyl Content of FPI-X in Nafion®212 (wt%) Gel fraction (%)
groups in FPI (X, mol%) membranes (Y, wt%)
CM-10-5 10 5 95 94.6
CM-10-10 10 10 90 88.0
CM-10-15 10 15 85 84.4
CM-10-20 10 20 80 84.7
CM-10-30 10 30 70 50.9
CM-5-15 5 15 85 76.2
CM-10-15 10 15 85 84.4
CM-20-15 20 15 85 92.7
CM-30-15 30 15 85 96.6
attributed to the decomposition of the sulfonic group. The second
100 —m— Nafion212 stage of degradation around 509°C is due to the degradation of
—O—CM-10-5 C-F in Nafion®212. For the composite membranes, they all exhib-
1 —f— CM-10-15 . . - D
o CM-10-20 ited a two-step degradation pattern, which was similar to that of
804 —&— CM-10-30 Nafion®212. The first temperature of the weight loss of the compos-
1 ite membranes is in the range of 357-411 °C, which is higher than
e 60 that of Nafion®212. The second step of the composite membranes
< over 450 °C indicates the degradation of the main chain of FPI and
é 1 Nafion®212. This is a little lower than that of Nafion®212. Because
40 the crosslinked FPI contains the aliphatic C-H bond whose thermal
| stability is not as good as that of the aliphatic C-Fin Nafion®212.The
residual mass at 700 °C of the composite membranes is higher than
20 that of the recast Nafion®212 membrane. All these data indicates
] that the composite membranes show improved thermal stability
3 ‘ ‘ ' ' . , , compared to that of Nafion®212.

T T T T T T T T
0 100 200 300 400 500 600 700 800
Temperature/°C

Fig. 6. Effects of the content of FPI-10 on degradation properties of CM-10-Y, nitro-
gen atmosphere.

3.3. Thermal properties of the composite membranes

The thermal stabilities of the composite membranes and
Nafion®212 were studied by thermogravimetric analyzer (TGA)
measurement from 20°C to 700 °C at a heating rate of 10°C min~!
under nitrogen atmosphere. Figs. 6 and 7 illustrate the typical TGA
curves of the recast Nafion®212, CM-10-Y, and CM-X-15 mem-
branes.

The recast Nafion®212 membrane showed two-step degrada-
tion in its TGA curve. The first one is around 329°C, which is

120
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100 - —O—CM-5-15
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—5— CM-20-15
80 —&— CM-30-15
Pt
S, 60+
W)
[
=
40
20 +
O -
T

T T T T T T T T T T T T T T T T
o] 100 200 300 400 500 600 700 800
Temperature/°C

Fig. 7. Effects of the crosslinker content in FPI on degradation properties of CM-
X-15, FPI content is 15%, nitrogen atmosphere.

3.4. Mechanical properties of the composite membranes

The tensile strength of the composite membranes and pure
Nafion®212 were examined at room temperature in dry state and
the data are shown in Fig. 8. The tensile strength of the composite
membrane is much higher than that of pure Nafion®212. Moreover,
the tensile properties of CM-10-15 with crosslinked FPI is much
higher than that of UCM-10-15 with uncrosslinked FPI. Because
FPI was crosslinked during the membrane preparation and formed
semi-IPN structure within the composite membranes, which could
improve the tensile properties greatly. This also could prove that
FPlis crosslinked in the membrane. The tensile strength of the com-
posite membrane increases with increasing FPI contents, reaches
the optimal value at 15% content, and decreases greatly when the

70
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65 —0O— CM-X-15
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o 55+ =
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Fig. 8. Effects of the FPI-X contents in the composite membranes on the tensile
strength of CM-10-Y and CM-X-15.



3082 H. Pan et al. / Journal of Power Sources 195 (2010) 3077-3083

Temperature/°C
200 150 100 50
T T
—=&— Nafion212 4 20
200 —0—CM-10-15
—&A— CM-30-15
(o]

© a
£ 150 =3
= w
w —
3 5
5 5
3 ©
T 100 [s]
g £
o &
[=)] (=]
E =1
[s]
o 50

0 T T 0

50 100 150 200

Temperature/°C

Fig. 9. Dynamic mechanical analysis (DMA) curves of CM-X-Y and Nafion®212.

content of FPI is higher than 15%. The composite membrane with
FPI content higher than 30% is so brittle that it could not be tested.
This might be due to the compatibility between Nafion®212 and FPI
is getting worse when FPI content is higher. In addition, the tensile
strength of CM-X-15 increases with increasing X. This is also due
to the higher contents of reactive groups in CM-X-15 with higher
X values.

Fig. 9 shows DMA results of Nafion®212, CM-10-15, and CM-
30-15. The composite membranes have higher initial storage
modulus than that of Nafion®212. From 50 °C to 118 °C, the change
of the storage modulus for CM-10-15 (36%) and CM-30-15 (59%) is
much smaller than that for Nafion®212 (100%). Both of the higher
modulus and mechanical strength suggest better mechanical prop-
erties of the composite membranes than those of Nafion®212.

3.5. Water uptake and swelling ratio of the composite membranes

By dry-wet method, the water uptake and swelling ratio of
the recast Nafion®212 and composite membranes were evaluated
by immersed in deionized water and equilibrated for 48 h. Since
PEMs in fuel cells are generally operated at temperature close to
80°C, the water uptake and swelling ratio of pure and composite
membranes were measured at 25°C and 80°C, respectively. The
results are shown in Table 3. In general, the water uptake of the
membranes increases with increasing temperature and increasing
contents of the hydrophilic sulfonic groups. Compared with the
recast Nafion®212, the composite membranes have lower water
uptake at both 25°C and 80°C. This is due to the higher content
of the sulfonic groups in pure Nafion®212 than that of the com-

Table 3
Water uptake and swelling ratio of the composite membranes.

Membranes Water uptake (%, w/w) Swelling ratio (%)
25°C 80°C 25°C 80°C
Nafion®212 19.6 28.8 9.9 14.6
CM-10-5 11.6 15.6 5.5 8.4
CM-10-10 10.8 14.9 49 7.3
CM-10-15 9.4 133 4.7 6.9
CM-10-20 8.9 12.7 41 5.5
CM-10-30 7.9 11.7 2.3 3.7
CM-5-15 10.5 14.8 55 8.7
CM-10-15 9.4 133 4.7 6.9
CM-20-15 13.2 18.4 4.8 8.2
CM-30-15 10.5 19.3 4.7 8.9
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Fig. 10. Effects of the content of FPI-X on the proton conductivity of Nafion®212 and
the composite membranes, relative humidity 100%.

posite membranes. For the same reason, the water uptake of the
composite membranes decreases with increasing content of FPI in
CM-10-Y.

The dimensional stability of the membranes was judged by the
swelling ratio in this work. The lower the swelling ratio is, the bet-
ter the dimensional stability is. The swelling ratio increases with
increasing temperature, which is similar to that of the water uptake.
The swelling ratio of the composite membranes is much lower
than that of pure Nafion®212 and decreases with increasing con-
tent of FPI-X. This might be due to the decreased contents of the
hydrophilic sulfonic groups and the introduction of the crosslinked
FPI-X, which restrain the swelling of Nafion®212.

3.6. Proton conductivity of the composite membranes

Proton conductivity of the composite membranes was measured
in 100% relative humidity by AC impedance spectroscopy. All the
membrane samples were soaked in water over 24 h for hydration
before measurement. Figs. 10 and 11 show the proton conductivity
of the composite membranes with various FPI contents. The proton
conductivity of the recast Nafion®212 membrane was also listed
as a comparison. The proton conductivity of the composite mem-
branes increases with increasing temperature, which is due to the
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Fig. 11. Effects of the content of carboxyl groups in FPI on the proton conductivity
of Nafion®212 and the composite membranes, relative humidity 100%.
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more mobility of the proton and water molecules at higher tem-
perature. The proton conductivity of the composite membranes is
lower than that of pure Nafion®212, and decreases with increas-
ing contents of FPI in CM-10-Y. The reason is that the content of
sulfonic groups in the membranes was reduced and the dielectric
properties as well as the hydrophobicity of polyimide have no con-
tribution to the proton transport. For CM-X-15 series membranes,
CM-20-15 has highest proton conductivity of 9.1 x 10-2Scm™!
because of the highest water uptake. Therefore, all the composite
membranes showed proton conductivity values over 10-2Scm™1,
which indicate that they are suitable candidates for PEMs for fuel
cell applications.

3.7. Oxidative stability of the composite membranes

The oxidative stability of the composite membranes was studied
in Fenton reagent (30 ppm FeSO4 in 30% H,0, ) at 25 °C. It was char-
acterized by the elapsed time (t1) when the membranes started
to break into pieces after being drastically shaken. No compos-
ite membranes were broken when drastically shaken after being
soaked in Fenton reagent for more than 3 months. This indicates
that the composite membranes have good radical oxidative stabil-
ity.

4. Conclusions

The reinforced composite membranes based on crosslinked
fluorine-containing polyimide and Nafion®212 were successfully
prepared through solution casting. The fluorine-containing poly-
imide was crosslinked during the membrane preparation and
formed semi-IPN structure within the composite membrane. The
mechanical properties of the composite membranes with semi-IPN
structure were higher than that of the membranes from physi-
cal mixtures. The tensile strength of the composite membranes
ranges from 36.6 to 65.4 MPa. CM-30-15 has the highest tensile
strength of 65.4 MPa, which is more than twice of that of the recast
Nafion®212 membrane (26.6 MPa). The initial storage modulus of
CM-10-15 (139.1 MPa) is much higher than that of Nafion®212
membrane (56.1 MPa). The composite membranes exhibit excel-
lent thermal and oxidative stability. The dimensional stability of
the composite membrane is greatly improved than that of pure
Nafion®212. The water uptake of the composite membranes is in
the range of 11.7-19.3% at 80°C and increases with increasing car-

boxyl contentin the FPI-X. The proton conductivity of the composite
membranes decreases with increasing FPI content, and is higher
than 10-2Scm~1.
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