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Abstract—Sulfonated polyimides (SPIs)/silica composite membranes were prepared via an in situ sol—gel
reaction followed by solution casting. SPIs based on 1,4,5,8-naphthalene tetracarboxylic dianhydride,
4,4'-diaminodiphenyl ether-2,2'-disulfonic acid and 4,4'-diaminodiphenyl ether have been chosen for the
preparation of composite membranes due to their relatively high hydrolytic stability. Membranes varying in
degree of sulfonation as well as silica content were characterized by FT-IR spectroscopy, thermal gravimetric
analysis, transmission electron microscopy and impedance spectroscopy. It was found that the thermal and
hydrolytic stability of membranes was enhanced by silica particles. Based on the morphological and conduc-
tivity data it is suggested that formation of a hydrogen bonded network of silanol groups of silica nanoparticles
and sulfonic acid groups of the polymer matrix enhances the proton conductivity via the hopping mechanism

of proton transport.
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INTRODUCTION

The proton exchange membranes (PEM) for fuel
cells (FCs) (PEMFCs) are widely considered to be
promising energy conversion devices because of high
power density, high efficiencies, fast start-up, and very
low or zero emission at the point of use and thus can
be viable in a number of areas, including transporta-
tion, residential (stationary) power and portable power
[1-3]. Perflurosulfonic acids such as Nafion® are
state-of-the-art electrolyte materials in PEMFC
applications due to their excellent chemical, mechan-
ical and thermal stability in addition to their high pro-
ton conductivity [4]. However, the application of this
type of membrane is limited due to significant techni-
cal deficiencies such as reduction in conductivity at
low humidity, high methanol permeability and high
cost. Therefore, the development of new ionomeric
materials with improved membrane properties and
low price is an urgent need. Some of the most promis-
ing candidates being explored for their potential appli-
cation as FC membranes are sulfonated polyimides
(SPI), poly(ether ketone)s, poly(arylene ether sul-
fone)s, polybenzimidazoles, etc [5]. Aromatic polyim-
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ides based on naphthalic anhydrides are very import-
ant high performance materials due to their high ther-
mal, fire, radiation and chemical resistance and
excellent mechanical properties. Their properties meet
very well the requirements for the PEM materials of
FC systems [6—9]. Moreover, a number of sulfonated
polyimides (SPIs) have been reported to be promising
materials for PEMFC applications [10—15], but their
hydrolytic stability and proton conductivity still have
to be further improved.

The aim of this work is to improve further the per-
formance of SPI membranes. The strategy we used is
an introduction of disperse inorganic fillers into the
organic polymer matrix [16].

Hydrophilic silica is a well-known additive for
Nafion® membranes for the enhancement of the ther-
mal stability and water retention properties at high
operation temperature [17—24]. Silica containing
composite membranes have also been prepared based
on non-fluorinated polyelectrolytes [25—28]. In many
cases such composite membranes showed an
improved performance in high temperature in both
direct methanol and hydrogen PEMFCs.



SULFONATED POLYIMIDE—-SILICA COMPOSITE MEMBRANES

SPI based composite membranes were produced
by adding nanosized fumed SiO, (Aerosil®) to a cross-
linked SPI matrix [29]. In another paper, an in situ
sol gel reaction using tetraethoxysilane (TEOS) and
3-aminopropyl triethoxysilane as the coupling agent
in the SPI was realized [30]. The present paper will be
focused on the preparation of SPI/silica composite
membranes via a base-catalyzed hydrolysis/condensa-
tion of TEOS in the solutions of SPI and by subse-
quent solution casting. The effect of silica content on
the properties of SPI with different sulfonation degrees
such as thermal stability, morphology and proton con-
ductivity will be discussed.

EXPERIMENTAL

4,4'-diaminodiphenyl ether (ODA), ammonia
aqueous solution (28 vol %) and triethylamine (£#;N),
1,4,5,8-Naphthalene tetracarboxylic dianhydride
(NTDA), m-cresol, benzoic acid (99.5%, ACS grade),
concentrated sulfuric acid (95%), fuming sulfuric acid
(with 30% free SO;), tetraethoxysilane (TEOS)
(99%), dimethylsulfoxide (DMSO) (99.9%), metha-
nol (99.8%) and acetone (99.5%) were used as
received. NTDA was dried for 24 h at 160°C in vacuum
prior to use. The other chemicals were used as
received.

The synthesis of 4,4'-diaminodiphenyl ether-2,2'-
disulfonic acid (ODADS) and homo- and co-polyim-
ides based on it was carried out following a literature
procedure [10]. To a 250 mL three-neck flask placed
in an ice bath was added 5.00 g (25.0 mmol) of ODA
followed by slow addition of 8.75 mL of concentrated
sulfuric acid (95%) along with stirring. On complete
dissolution of ODA, 12.5 mL of fuming sulfuric acid
(with 30% SO;) was slowly added to the flask. The
reaction mixture was stirred at 0°C for 2 h and then
slowly heated to 80°C and was maintained at this tem-
perature for another 2 h. Afterwards, the reaction mix-
ture was cooled to room temperature and poured
dropwise into 50 g of crushed ice. The white precipi-
tate obtained was filtered off and then re-dissolved in
sodium hydroxide solution (2M). The basic solution
was filtered, and the filtrate was acidified using con-
centrated hydrochloric acid. The white precipitate
obtained on acidification was filtered off, washed with
water and methanol successively, and dried under vac-
uum at 80°C for 24 h. 7.00g of white powder was
obtained (yield: 78%); T, = 264.8°C. IR (KBr, cm™!):
3473, 2626, 1633, 1519, 1474, 1426, 1255, 1147, 1087,
1023, 907, 817, 704, 643. '"H NMR spectrum (DMSO-
dg; Et;N was added for dissolution in DMSO): 7.01 (d,
J=3Hz,2H), 6.75 (d, J=8.7 Hz, 2H), 6.39 (dd, J =
3Hz, 2H). Elemental analysis Calcd.: C, 40.0; H, 3.3;
N, 7.7.; Found: C, 38.0; H, 3.9; N, 7.4.

To synthesize NTDA—ODADS homopolyimide to
a 250 mL completely dried 3-neck flask equipped with
a magnetic stirrer, nitrogen inlet and a condenser,
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were added 1.080g (3.0 mmol) of ODADS, 10.0 mL of
m-cresol, and 0.72 g (7.2 mmol) of triethylamine suc-
cessively. After complete dissolution of ODADS,
0.804 g (3.0 mmol) of NTDA and 0.52 g (4.26 mmol)
of benzoic acid were added. The mixture was stirred at
room temperature for several minutes till it dissolved,
and then heated at 80°C for 4 h, and then at 180°C for
20 h. After cooling to 100°C, additional 20 mL of
m-cresol were added to dilute the highly viscous poly-
mer solution. This diluted polymer solution was then
precipitated by pouring it into 200 mL of acetone. The
fibre like precipitate was separated by filtration fol-
lowed by washing with acetone. Resulting polymer was
dried under vacuum at 80°C for 24 h. The sample pre-
pared here has been designated as SPI110.

To synthesize NTDA-ODADS-ODA copolymer,
0.72 g (2.0 mmol) of ODADS, 12.0 mL of m-cresol
and 0.48 g (4.8 mmol) of triethylamine were succes-
sively added to a 250 mL completely dried 3-neck flask
equipped with a magnetic stirrer, nitrogen inlet and a
condenser. After complete dissolution of ODADS,
0.4 g (2.0 mmol) of nonsulfonated diamine (ODA),
1.072 g (4.0 mmol) of NTDA, and 0.68 g (5.6 mmol)
of benzoic acid were added. The reaction mixture was
stirred at room temperature for several minutes till it
dissolved. Afterwards, it was heated at 80°C for 4 h,
and then at 180°C for 20 h. After cooling to 100°C, an
additional 25 mL of m-cresol was added to dilute the
highly viscous polymer solution, which was precipi-
tated by pouring it into 200 mL of acetone. The fibre
like precipitate was separated by filtration followed by
washing with acetone. Resulting polymer was dried
under vacuum at 80°C for 24 h. Different copolymer
samples were prepared using the same procedure by
taking the molar ratio of ODADS : ODA as 3 : 1 and
1 : 1 inthe initial feed, and the samples have been des-
ignated as SPI131 and SPI11, respectively.

Membranes in triethylammonium salt form of the
homopolyimide NTDA-ODADS was prepared by
casting its DMSO solutions (10 wt %) onto a glass
plate using a casting knife. The glass substrates were
cleaned by keeping in alkali bath for 2 h, then rinsing
with aqueous HCI and finally washing with deionized
water for several times. The resulting membranes were
dried at 80°C for 10 h. The co-polyimide membranes
were cast from their m-cresol solution (10 wt %) and,
were dried at 120°C for 10 h. Composite membranes
were prepared by the same casting the solutions but
DMSO with TEOS and aqueous NH; solution (2 M)
was used as the solvent. The amount of TEOS was var-
ied to obtain different SiO, loadings in the membrane
(5—20 wt %). For preparing composite co-polyimide
membranes, instead of DMSO, m-cresol was used as
the solvent and the cast membranes were dried at
120°C for 10 h, the rest procedure being the same. The
as-cast membranes were soaked in methanol at 60°C
for 1 h to remove the residual solvent. Proton exchange
treatment was carried out by immersing these mem-
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branesin 1.0 M hydrochloric acid at room temperature
for 24 h. Protonated membranes were then thoroughly
washed with ultrapure water and dried in vacuum at
150°C for 20 h. The thickness of the membranes was in
the range 10—20 um.

'"H-NMR spectra were obtained on a Bruker DPX
300 at 300 MHz. DMSO-dg was used as solvent with
tetramethylsilane as internal standard. Fourier trans-
form infrared (FT-IR) spectra were collected in the
range of 500—4000 cm~' using Thermo Nicolet Nexus
470 spectrophotometer equipped with DTGS detector
using 100 signal-averaged scans at a resolution of
8 cm~!. Each sample was in a form of thin film of poly-
mer (25 X 10 mm) placed on a KBr disc.

A TG-209 thermal gravimetric analysis (TGA)
instrument (Netzsch) was used to study the thermal
stability of synthesized polymers and membrane sam-
ples in nitrogen flow from 30 to 700°C at a heating rate
of 10°C/min.

The morphology of the membranes was investi-
gated by means of Transmission Electron Microscopy
(TEM) using the Zeiss Libra 120 TEM operated at
120 kV. In all the samples, the contrast between the
inorganic phase and the polymer was sufficient for
imaging.

The bulk proton conductivity of the membranes
was measured by electrochemical impedance spec-
troscopy (EIS) via four probe method using the proto-
col, in which the conductivity is measured as a func-
tion of relative humidity (RH) at 100°C. The measure-
ments were performed in the longitudinal direction of
the membranes over a frequency range of 500 Hz to
500 kHz and at amplitude of 20mV, using the Electro-
chemical Workstation IM6 (Zahner-Elektrik Gmbh
and Co. KG, Germany) connected to the “Membrane
Conductivity and Single Cell Test System BT-552”
(BekkTech, USA). The measurements were per-
formed under a nitrogen flow of 500 standard cubic
centimetres per minute (sccm) and pressure of
230 kPa.

RESULTS AND DISCUSSION

Degree of sulfonation (DS) as well as ion-exchange
capacity (IEC) of the resulting sulfonated polyimides
(SPIs) and percent weight loss for different SPIs are
summarized in Table 1.

The chemical structure of SPIs prepared in this
work was identified by FT-IR spectroscopy. Figure 1
shows the FT-IR spectrum of protonated homopoly-
mer SPI10. In the FT-IR spectrum, the broad absorp-
tion band at 3400 cm™! is assigned to the absorbed
water in the sample. The absence of anhydride car-
bonyl peaks at 1780 and 1740 cm~' confirms the com-
pletion of the imidization reaction. The broad bands at
1250 and 1081 cm™' correspond to the stretching
vibrations of sulfonic acid groups.
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Table 1. Theoretical degree of sulfonation (DS), ion-
exchange capacity (IEC) and weight loss (%) due to desul-
fonation of SPI

SPI110 | SPI31 | SPII1
NTDA (mmol) 2 2 2
ODADS (mmol) 2 1.5 1.0
ODA (mmol) 0 0.5 1.0
DS (%) 100 75 50
IEC (meq/g) 3.37 2.71 1.95
Weight loss theoretical (wt %) | 28.5 21.4 14.3
Weight loss by TGA (wt %) 23.1 18.8 11.9

TGA results for polyimide membranes in these dif-
ferent temperature ranges are summarised in Table 2.
All the membranes showed a three-step degradation
profile. As described in the literature [10, 15], the ini-
tial weight loss below 200°C corresponds to the elimi-
nation of absorbed water and solvent. At temperature
above 200°C, desulfonation occurs until 450°C. It was
observed that the mass loss in the temperature range
250—450°C, which was due to the loss of sulfonic acid
groups, increased with increasing degree of sulfona-
tion. Meanwhile, it was also found that with the
increase in the silica loading from 5 to 20 wt %, the
onset temperature of backbone degradation in general
tended to grow, that implies the enhancement of the
thermal endurance of these SPI membranes because
of the silica inclusion.

The bulk morphology of SPIll/silica and
SPI31/silica composite membranes was analysed by
TEM, Figs. 2 and 3, respectively. In the SPI11 mem-
branes containing 5 wt % SiO, the formation of small
silica particles in the size range of 10 to 25 nm was
observed, and the silica nanoparticles were homoge-

Absorbance, arb. units

-
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Fig. 1. FT-IR spectrum of sulfonated homopolyimide
(SPI10).
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Table 2. TGA results of membranes in nitrogen atmosphere and heating rate 10°C/min

Mass Loss, %
Char Yield at 700°C (%)
below 200°C 200—450°C 450—700°C
SPI10 6.8 21.5 234 48.3
SPI10 + 5wt % 4.6 24.8 24.7 45.9
SPI10 + 10 wt % 5.9 21.5 29.2 43.4
SPI10 + 15wt % 6.3 17.6 24.2 51.9
SPI10 + 20 wt % 5.6 18.1 21.5 54.8
SPI31 4.5 18.0 22.6 54.9
SPI31 + 5wt % 3.2 16.7 30.5 49.6
SPI31 + 10 wt % 7.2 21.6 29.8 41.4
SPI31 + 15wt % 5.3 14.1 22.6 58.0
SPI31 + 20 wt % 6.3 15.3 22.9 55.5
SPI11 3.3 11.5 271 58.1
SPII1 + 5wt % 3.2 15.8 30.7 50.3
SPII1 + 10 wt % 5.5 18.0 33.7 42.8
SPI1l + 15wt % 3.1 11.8 28.5 56.6
SPI11 + 20 wt % 5.2 12.3 26.4 56.1

neously distributed in the SPI matrix. With the particle agglomerations could be seen. In the SPI31
increase of silica content the particle size was foundto membranes at 10 wt % silica the particle size ranges
grow and with high silica content (above 15wt %) large  from 15 to 70 nm, the membranes with 15 wt % SiO,

Fig. 2. TEM images of SPI11/silica composite membranes with (a) 5, (b) 10, (c) 15, and (d) 20 wt % silica.

NANOTECHNOLOGIES IN RUSSIA  Vol. 15 Nos. 11-12 2020
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Fig. 3. TEM images of SPI31/silica composite membranes with (a) 5, (b) 10, (c) 15, and (d) 20 wt % silica.

content exhibited well distributed silica particles rang-
ing from 20 to 60 nm. The silica particles derived from
the basic hydrolysis/condensation of TEOS are
hydrophilic; therefore, their compatibility with SPI
matrices is reduced with the decrease in DS. This
explains the formation of big agglomerates of silica
particles in SPIs of lower DS at lower silica loading.

In Fig. 4 the proton conductivity ¢ of the SPI
membranes is shown. The proton conductivity of
these membranes was found to be strongly dependent
on their IEC values and the RH. The SPI10 mem-
brane has the highest IEC value. It is interesting to
note that the conductivity of the SPI10 membrane at
high RH is higher, but at low RH is lower than that of
Nafion. Although all the co-polyimide membranes
have much larger IEC values than Nafion 112 (IEC =
0.91 meq/g), their proton conductivity was found to be
much lower compared to Nafion 112. This is most
probably because Nafion membrane has a unique
ionic channel structure, which is favourable for proton
transport, whereas the present SPI membranes have a
rather homogeneous structure [5, 10]. This structural
discrepancy might also explain the different RH
dependence of conductivity between the SPIs and
Nafion.

NANOTECHNOLOGIES IN RUSSIA  Vol. 15

It can be seen that the composite membranes
exhibit a bit lower conductivity at all RH compared to
membranes without SiO, content, Fig. 4. It is interest-
ing to note that for all composite membranes having
different DS the lowest proton conductivity value was
observed at 5 wt % SiO, loading. It seems that at low
silica loading these hydrophilic silica particles act
merely as inert filler and thus decrease the effective
IEC values of the membranes, resulting in the
decrease in the proton conductivity. At high silica con-
tent the surface hydroxyl groups of particles start to
form a hydrogen bonding network together with the
sulfonic acid groups of the polymer matrix, which
facilitates the hopping mechanism of the proton con-
ductivity. However, certain irregularity was observed
in the dependence of proton conductivity on the silica
content. For example, the proton conductivity of the
SPI10/silica composite membranes slightly decreases
on going from 15 to 20 wt % SiO,. For the series of the
SPI11/silica composite membranes the proton con-
ductivity slightly decreases on going from 10 to 15wt %
SiO, content, but again increases with 20 wt % SiO,
content. This variation in proton conductivity can
possibly be explained by the morphology of these
membranes.

Nos. 11-12 2020
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Fig. 4. Proton conductivity of SPI membranes having different degree of sulfonation and silica content as a function of relative

humidity at 100°C.

The microstructure of SPI has been described by
the presence of hydrophobic/hydrophilic phase sepa-
ration. The hydrophobic domains are generated by the
aromatic backbone, while the hydrophilic domains
derive from the aggregation of sulfonic acid groups.
Compared to Nafion®, the hydrophobic/hydrophilic
phase separation of SPI is much less pronounced,
resulting in narrower, less separated, highly branched
and less interconnected hydrophilic channels passing
through hydrophobic domains. Due to its microstruc-
ture, SPIs show lower proton conductivity at low
hydration levels and stronger dependence of the pro-
ton conductivity on the content of water than
Nafion® [9]. It is possible that the presence of hydro-
philic silica nanoparticles influences the size, the
interconnectivity and the degree of branching of the
SPI hydrophilic channels thus offering new paths for
the transport of protons.

It has been shown by TEM investigation that at
higher silica loading big agglomerations of particles are
present, resulting in tremendous increase in effective
particle size that, ultimately, has detrimental effect on
the proton conductivity. Indeed, if the proton trans-
port occurs via a Grotthuss mechanism, i.e. via proton
hopping along a hydrated network, the interfacial con-
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tact area between the ionomer and the silica filler
should be as large as possible in order to enhance the
conductivity, consequently, the size of the inorganic
particles should be as small as possible. Therefore, the
drop in conductivity at higher silica loadings for some
composite samples can be attributed to the alteration
of morphology due to the particle agglomeration.

The stability of the SPI membranes under fuel cell
conditions was assessed by monitoring their behaviour
during the conductivity measurement at 100% RH and
100°C. We found that the thermal and hydrolytic sta-
bility of the composite membranes increases with the
increase of silica content till 10 wt %. At higher silica
loadings, however, the composite membranes become
less stable due to the increased brittleness. This may be
due to the increase of the contribution of inorganic
domains and particle agglomeration at higher silica
loading.

CONCLUSIONS

Sulfonated polyimide/silica composite membranes
with different degrees of sulfonation and silica loading
based on the 1,4,5,8-naphthalene tetracarboxylic
dianhydride, 4,4'-diaminodiphenyl ether-2,2'-disul-
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fonic acid and 4,4'-diaminodiphenyl ether were suc-
cessfully synthesized via an in situ sol—gel reaction
using tetraethoxysilane as the silica precursor. The
particle size of silica was found to be less than 100 nm.
At low silica content, particles are homogeneously dis-
tributed in the polymer matrix, at high silica content,
however, particle agglomeration was observed. Ther-
mal and hydrolytic stability of the SPI membranes was
improved by addition of silica particles till 10 wt %
loading, higher silica loading, however, lead to the
brittleness of the membrane and can be attributed to
the increasing the interfacial contact area and can be
explained by the formation of hydrogen bonding net-
work of silanol groups on silica nanoparticles together
with the sulfonic acid groups. Proton conductivity of
composite membranes was found to be dependent on
the particle distribution in the membranes. The mem-
branes with smaller silica particles showed better pro-
ton conductivity than the ones containing large parti-
cle agglomerations. It can be concluded that addition
of 10 wt % silica results in an optimal combination of
proton conductivity and membrane stability.
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