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Abstract. This study reports the preparation of a –COOH-containing sulphonated copolymer (SPI-COOH-70) and its
composite membranes. The composite membranes (SPI/SS-X) were prepared by using the solution casting route by
adding different weight percentages of 3-(trihydroxysilyl) propane-1-sulphonic acid into SPI-COOH-70 solution. The
proton exchange membrane properties such as morphology, ion-exchange capacity, water uptake and proton conductivity of the prepared composite membranes were studied as a function of sulphopropylated polysilsesquioxane (SiOPS)
filler and temperature. All the SPI/SS-X composite membranes showed high-thermal stability and chemical stability,
which are attributed to the presence of polar phosphine oxide and the wholly aromatic nature of the copolymers. The
homogeneous distribution of the SiOPS nanoparticles in the polymer matrix observed from the scanning electron
microscopy and atomic force microscopy images are attributed to the formation of covalent bonds between the –OH
and –COOH groups of SiOPS and SPI-COOH-70, respectively. The composite membranes with 10 wt% SiOPS
exhibited much higher proton conductivity (205 mS cm-1), which is much higher than that of the pristine copolymer
membrane (114 mS cm-1) under similar experimental conditions. The improvement in proton conductivity is attributed
to the presence of pendant sulphonic acid groups in the nanofiller, which provides a better proton transport pathway in
the composite membranes.

Keywords. Sulphonated co-polyimide; sulphonated silica; composite; scanning electron microscopy; proton
conductivity.

1.

Introduction

Proton exchange membrane fuel cells (PEMFCs) have been
stimulated considerable interest among various energy-converting devices because of their eco-friendly nature and high
energy conversion efficiency [1,2]. The key component of
PEMFCs is the proton exchange membrane (PEM) that works
as a solid electrolyte for transporting protons from an anode to
cathode and as a barrier for fuel and electrons. These membranes should have the requisite properties such as high
proton conductivity, physicochemical stability and strong
durability in the fuel cell applications. During the last few
decades, perfluorosulphonic acid ionomer membranes, e.g.,
Nafion, Aciplex and Flemion are considered as the stateof-the-art membranes for fuel cell applications due to their
high proton conductivity and excellent chemical and physical
stability. However, these membranes have some limitations,
such as restricted operation temperature (\80C), difficult
synthetic procedure and high fuel crossover [3]. These factors
motivate researchers to find alternate PEM materials using
various sulphonated polymers including poly(arylene ether)s
[4,5], poly(arylene ether sulphone)s [6–12], poly(aryl ether

ether nitrile)s [13], poly(arylene sulphide sulphone)s [14,15],
poly(arylene ether ketone)s [16–20], polyimides [21,22],
polytriazoles, etc. [23,24].
Various efforts have been made to overcome the limitation of Nafion. In this context, a suitable approach is to
prepare composite membranes with inorganic fillers. Consequently, sulphonated polymers with nanofillers show
lower ion exchange capacity (IEC) values, which in turn
decrease the proton conductivity [25,26]. Thus, an optimum
filler loading is needed to control the overall properties.
However, hydrophilic additives such as silica (SiO2), titania
(TiO2) and zirconia (ZrO2) are also incorporated to improve
the water retention ability [27–29]. It is proposed that the
incorporation of these hygroscopic inorganic fillers into the
polymer matrix increases the water absorption and decreases
the water evaporation resulting in an increase in proton
conductivity.
Moreover, incorporation of various heteropolyacids,
e.g., phosphotungstic acid, silicotungstic acid, etc. has
been investigated [30–32]. These have limited applicability as the composite membrane loses proton conductivity
at high temperature due to the leaching of free acid in the
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presence of water during the fuel cell operation. Another
approach in this regard is to incorporate inorganic fillers
containing sulphonic acid so that the polymer can compensate for the reduction of IEC values with the addition
of inorganic fillers. Rhee et al [33] have reported composites of Nafion with sulphonated montmorillonite and
resulted in proton conductivity slightly less than the pristine Nafion. The nanocomposites consisting of sulphonated poly(phthalazinone ether ketone) (SPPEK) and
sulphonated silica nanoparticles have been reported by Su
et al [34]. The composite with 7.5 percentage filler loading
showed a high proton conductivity value, which was 3.6
times than the pristine SPPEK membrane. However, the
proton conductivity value was still lower than that of the
Nafion 117. Xu et al [35] have prepared a series of
composite membranes with Nafion 117 through an in-situ
sol–gel reaction of 3-(trihydroxysilyl) propane-1-sulphonic
acid (THSPSA) and solution casting route to improve the
proton conductivity. A similar technique was used by
Miyatake et al [36] to prepare the composite membranes
of sulphonated polyimide using the above additive. Thus, a
significant improvement was observed as the composite
membranes exhibited an improved proton conductivity
compared to the pristine membrane at high temperatures
and low humidity.
Hence, we prepared a new carboxylic acid-containing
sulphonated polyimide (SPI-COOH-70) by adding 10 mol%
–COOH containing diamine DABA (replacing the same
amount of DPPA) in the preparation of DPPNH-70 [37]. A
series of composite membranes were prepared through an
in-situ sol–gel reaction of THSPSA and solution casting
route with varying filler loadings to study the effect of the
incorporated inorganic filler (THSPSA) on PEM properties.
The oxide precursor, THSPSA, was chosen as it has a
multifunctional structure [35,36]. The carboxylic acidfunctionalized polymer was used to prepare the composite
membranes. Hence, the homogeneity of the composite
membranes was improved. It is anticipated that the sulphonic acid groups of the sulphonated polymer chains and
the sulphopropylated polysilsesquioxane (SiOPS) could
interact with each other and may form a network structure,
which is expected to enhance water absorption and offers
efficient proton-conducting channels. Accordingly, a series
of composite membranes (SPI/SS-X; X represents the wt%
of sulphonated silica) were prepared, and the PEM properties have investigated as a function of acid-functionalized
polysilsesquioxane filler and temperature.

2.
2.1

Experimental
Materials

9,10-Dihydro-9-oxa-10-phosphaphenanthrene
10-oxide
(DOPO, [97%) and 1,4,5,8-naphthalenetetracarboxylic
dianhydride (NTDA, 98.0%) were procured from TCI
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(USA). p-Toluenesulphonic acid (p-TSA) monohydrate was
bought from Sigma Aldrich. 4,40 -Diaminostilbene-2,20 disulphonic acid (DSDSA, 95.0%), 4-aminoacetophenone
(99%) and Nafion 117 membranes were obtained from
Alfa Aesar (USA). Both DSDSA and NTDA were heated at
120C for 12 h under vacuum. Nafion 117 membranes
were treated with a hot 5 weight% H2O2 aqueous solution
for 1 h and washed several times with deionized (DI) water.
Later, the membrane was boiled in 1 M H2SO4 aqueous
solution for 1 h and washed several times with DI water. All
other chemicals were purchased from Spectrochem (India).
The synthetic details of the DOPO containing monomer,
DPPA has been reported earlier [37,38].

2.2

Synthesis of the copolymer (SPI-COOH-70)

This polymer was prepared by adding 10 mol% –COOH
containing diamine DABA (replacing the same amount of
DPPA) in the preparation of DPPNH-70 reported earlier
[37]. The synthetic procedure is depicted in scheme 1. In a
three-necked round-bottomed flask equipped with a magnetic stirrer and N2 inlet, 1.24 g (3.34 mmol) DSDSA,
15 ml m-cresol and 1.35 ml (9.69 mmol) TEA (density:
0.725 g ml-1) were added. The mixture was heated to 80C
and stirred for about 4 h until DSDSA was completely
dissolved. Then, 0.41 g (0.96 mmol) DPPA, 72.7 mg
(0.48 mmol) DABA, 1.28 g (4.78 mmol) NTDA and 1.75 g
benzoic acid were added consecutively into the reaction
mixture followed by the addition of 5 ml of m-cresol. The
temperature of the reaction mixture was increased to 180C
and heated for 16 h, and finally, the temperature was elevated to 200C and maintained for 3 h. After this time
period, the polymerization solution was cooled to 80C and
was diluted by 10 ml of m-cresol. Finally, the dark brown
viscous solution was precipitated out by dropwise addition
in large excess isopropanol under stirring. The polymer
precipitate appeared as a fibrous product, washed several
times with isopropanol and then with acetone and dried
under vacuum at 120C. The yield was *99%.

2.3

Preparation of composite membranes

The composite membranes were prepared following a modified procedure reported earlier in the literature [35]. A certain amount of the copolymer, SPI-COOH-70 in TEA salt
form, was dissolved in DMSO (5% w/v) and filtered to obtain
a clear polymer solution. Then, a calculated amount of
THSPSA was added dropwise into the solution. The wt% of
THSPSA was varied from 2.5 to 10 wt% with respect to the
copolymer to obtain a series of composite membranes (SPI/
SS-X). The solution was stirred for 6 h, and the resulting
mixture was sonicated for 1 h to ensure the homogeneous
distribution of the filler. This homogeneous mixture was
transferred into a three-necked round-bottomed flask
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NMR (DMSO-d6, 30°C): 1.18 (H16); 7.23-7.71 (H2,6,13,14,15,17,18); 7.74-8.04 (H1,3,7,8,9,10); 8.25 (H11,12); 8.34 (H4); 8.79 (H5).
NMR (DMSO-d6, 30°C): 36.9 ppm.

FTIR (KBr, cm-1): 923 cm-1 (P-O-Ph stretching), 1018 cm-1 (symmetric stretching band of S-O bond of the –SO3H groups), 1078 cm-1 (asymmetric
stretching of the S-O bond of the –SO 3H groups), 1248 cm-1 (symmetric stretching of –P=O), 1347 cm-1 (-C-N asymmetric stretching),
1664 cm-1 (-C=O symmetric stretching) and 1709 cm-1 (asymmetric stretching of –C=O).

Scheme 1.

Reaction scheme for the synthesis of SPI-COOH-70 copolymer with different spectroscopic data (NMR and FTIR).

equipped with a condenser and N2 inlet. The partial esterification reaction was carried out at 100C for 12 h in DMSO. In
all of the composite membrane preparation, 5 mg of p-TSA
per gram of copolymer was used. Subsequently, the reaction
mixture with different compositions of THSPSA was casted
onto a glass Petri dish and heated at 80C for 12 h to complete
the esterification process as well as to form a Si–O–Si network. Subsequently, the Petri dishes were heated to 100, 120,
140 and 160C for 2 h at each temperature. This allows
controlled removal of the solvent and formation of good
quality films. Finally, the Petri dishes were heated at 120C
under vacuum for 24 h to maximize the removal of solvent
from the films. The oven temperature was reduced to room
temperature, and the membranes were peeled off from the

Petri dishes by placing them in boiling DI water. Finally, the
salt form of the membranes was acidified in 1.5 M sulphuric
acid for 60 h at room temperature. The acidified membranes
were thoroughly washed several times with DI water until
pH = 7 and dried at 120C for 24 h under vacuum. The
membranes in their acid form were obtained with an average
thickness of 60–70 lm (± 2 lm).

2.4

Measurements

A Nexus 870 Fourier-transform spectrometer was used to
obtain the attenuated total reflection (ATR)-Fourier-transform infrared (FTIR) spectra of the polymer membranes
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under a humidity-controlled atmosphere at room temperature. A ZnSe parallelogram crystal with an angle of incidence of 45 was used, and 10–15 scans were performed for
each sample while recording the spectrum. 1H (600 MHz)
and 31P (161.92 MHz) NMR spectra were obtained on 600
and 400 MHz NMR instrument (Bruker, Germany),
respectively using DMSO-d6 as a solvent. The 1H NMR
spectra were referred to d(1H) = 2.56 ppm of the methyl
proton peak of DMSO-d6, and the 31P NMR spectra were
referenced on external H3PO4 (d(31P) = 0 ppm). The thermal stability of the polymers was investigated under the air
(N2/O2 = 80/20) atmosphere by using TGA Q50 (TA
Instruments, USA) instrument at a heating rate of
10 K min-1. The mechanical properties of the acidified
polymer films of average thickness 60–70 lm, width
10 mm and length 25 mm were measured at 30C using a
universal testing machine from TINIUS OLSEN, UK
(H5KS) at a speed of 5 mm min-1. Three uniform specimens were used, and the values were reported as an average
of the three measurements with a standard deviation below
4% of the mean value. The membranes were dried under
vacuum at 100C for 10 h under dry conditions showing
their mechanical properties. The surface images of the
composite membranes were obtained using a field emissionscanning electron microscope (FESEM) manufactured by
Carl Zeiss, Model supra 40. The instrument was operated at
an accelerated voltage of 5–20 kV equipped with an
energy-dispersive spectrometer. The surface morphology of
the membranes was investigated by using an atomic force
microscopy instrument (AFM 5500, Agilent Technology) in
tapping mode using 20 9 20 lm2 specimens under ambient
conditions. The weight-based IEC (IECW) (equiv. g 1-1 or
mmol g-1) of the polymer membranes (EW = 1,000/IECW)
was calculated using equation (1):

IECW ¼ 1; 000=MWrepeat unit  DSTheo  2
ð1Þ
where DSTheo corresponds to the mole fraction of sulphonic
acid-containing monomer (DSDSA) and defined as the
degree of sulphonation (DS) of the copolymers. The IECW
of the membranes were determined following the procedure
reported earlier [21,22]. Water uptake (WU) and consequently, dimensional swelling of the membranes were
measured at 30 and 80C following the procedure reported
earlier [21,22,37]. Oxidative stability of the membrane
specimens with an area of 10 9 10 mm2 was studied by
dipping them into freshly prepared Fenton’s reagent (2 ppm
FeSO4 in 3% H2O2) at 80C. AC impedance spectroscopic
technique (Gamry Reference 3000 potentiostat/galvanostat/
ZAR instrument) was used to measure the in-plane proton
conductivity of the polymer membranes in DI water in the
frequency and temperature range from 100 Hz to 1 MHz
and 30 to 90C, respectively. The hydrated membranes with
dimensions of 2 9 1 cm2 were clamped between two
platinum electrodes in a 4-probe conductivity cell (Electrochem Inc., FC-BT-115) and placed in a temperaturecontrolled water bath. The resistance (R) values of the
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membranes were determined from the Nyquist type plot and
used to calculate the proton conductivity (r) of the membranes using equation (2):
r ¼ L=ðA  RÞ

ð2Þ

where A and L are the area and length of the membranes,
respectively.

3.
3.1

Results and discussion
Synthesis of the copolymer and composites thereof

The copolymer was prepared by ‘one-pot’ high-temperature
polycondensation reaction of a mixture of three diamine
monomers DSDSA (70 mol%), DPPA (20 mol%) and
DABA (10 mol%) with an equimolar amount of NTDA in
m-cresol (scheme 1). The compound DSDSA was first
dissolved in m-cresol at 80C by the addition of excess
trimethylamine to liberate the amine group from the zwitterionic structure of DSDSA followed by addition of other
three co-monomers DPPA, NTDA and DABA into the
reaction flask. The reaction was proceeded by the two-step
reaction. Firstly, the formation of polyamic acid followed
by solution imidization at high temperature using benzoic
acid as a catalyst.
DABA was chosen as the co-monomer to provide the
–COOH functionality in the polymer backbone that was
used for partial esterification reaction with the –OH groups
of the filler THSPSA. All the composite membranes were
fabricated with the variation of the filler loading from 2.5 to
10 wt%. A specific amount of the copolymer was dissolved
in DMSO and filtered to remove any undissolved particles
before the addition of a certain amount of filler. The
resulting solution was stirred for 6 h and sonicated for 1 h
to achieve homogeneous dispersion of the filler particles.
Then the homogeneous mixture was transferred to a roundbottomed flask and heated for 12 h at 80C. The membranes
were casted on to Petri dish following the standard casting
technique mentioned above and converted to their acid form
by immersing them into 1.5 M H2SO4 solution.

3.2

Structural characterization of the polymer membranes

The chemical structure of the pristine copolymer was
characterized by 1H NMR spectroscopy at 30C. The DS
was determined from the area of integration of the NMR
peak, and the obtained result was comparable with the
monomer feed ratio. The aromatic protons in the range of
7–9 ppm were referenced based on internal standard
DMSO. There is an additional signal for the DABA unit that
appeared at around 7.55 ppm (H17, H18), which was blurred
with the peak of H2,6,13,14,15. However, the signal that corresponds to the acidic proton was not observed. This was
attributed to the low mol% of DABA in the polymer repeat
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Figure 1.

ATR-FTIR spectra of the membranes.

units [26]. The formation of the Si–O–Si bond in the
polymer composite can be justified by the signature of the
asymmetric stretching band at 1,018 cm-1 [39]. However,
the peak is superimposed with the symmetric stretching
band of the S–O bond of the –SO3H groups. Moreover, the
disappearance of the Si–OH signature around
930–940 cm-1 also supports the formation of
polysilsesquioxane. The band at 1,078 cm-1 can be recognized as the asymmetric stretching of the S–O bond of the
–SO3H groups present in the composite membranes. The
band at 1,709 cm-1 is responsible for the presence of carboxyl groups in the polymer composite. This peak is
merged with the –C=O asymmetric stretching of naphthalene imide. The peaks at 1,664 cm-1 (–C=O symmetric
stretching) and 1,347 cm-1 (–C–N asymmetric stretching)
confirm the formation of the imide bond in the polymer.
The absorption band at 1,248 cm-1 is associated with the
presence of –P=O functionality, whereas the peak at
923 cm-1 corresponds to the P–O–Ph absorption [38]
(figure 1).

3.3

Figure 2. TGA and DTG thermograms of SPI/SS-X membranes
under synthetic air.

Thermal and mechanical behaviour of the membranes

Thermal stability of the membranes was investigated by
using thermogravimetric analysis (TGA) (figure 2) under
synthetic air at a heating rate of 10C min-1. Prior to perform the test, the membranes were dried under vacuum at
120C to remove absorbed water to the maximum extent to
evaluate their actual thermal stability. All the polymer
membranes exhibited three-step degradation behaviour as
expected for the sulphonic acid-containing polyimides. The
first weight loss was due to the degradation of the sulphonic
acid groups present in the polymer membranes. The second
degradation appeared around 500–550C due to the degradation of P–O units in the composite membranes. The final
weight loss at temperature around 610–670C was attributed

to the degradation of the polymer backbone. The 10%
degradation temperature (Td10) is listed in table 1, indicating
the high-thermal stability for PEM application. The values
of the backbone degradation temperature were almost the
same as all the polymers consisted of the same polymer
backbone structure with a slight difference in the amount of
sulphonic acid. Differential scanning calorimetry of the
membranes was performed at a heating rate of 20C min-1
under N2. The pristine copolymer and the composite membranes did not show any glass transition temperature (Tg)
between 30 and 350C [22,40]. This may be explained by the
fact that the electrostatic interactions between the ionic
domains of the sulphonated polymer and the SiOPS network
lock the segmental motion of the polymer chains.
The mechanical properties of the membrane are a crucial
feature for successful application as PEM materials. The
stress–strain behaviour of the polymer membranes is
depicted in figure 3. The mechanical properties of the
acidified dry membranes are also summarized in table 1.
It is evident that all the composite membranes showed the
lower tensile strength and elongation at break compared to
the pristine copolymer membrane. This is attributed to the
presence of –SO3H groups and higher structural rigidity
generated from the inorganic nanofiller loading. Thus, with
the increase in filler loading the elongation at break
decreased. Although the values are low in comparison with
Nafion 117 (*288%), this is sufficient to prepare the
membrane electrode assembly [22].

3.4

Oxidative stability

Oxidative stability (accelerated test) of the pristine membranes and the composite membranes was evaluated by
immersing the samples in Fenton’s reagent (3 wt% H2O2,
2 ppm FeSO4) at 80C (table 1). The oxidative stability is
reported in terms of the time taken for breaking (s1) and for
the complete dissolution (s2) of the membranes. Among the
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Thermal, mechanical and oxidative properties of the pristine and composite membranes.

Table 1.

Oxidative stability (s) (h)b
Polymer
SPI-COOH-70
SPI/SS-2.5
SPI/SS-5.0
SPI/SS-7.5
SPI/SS-10.0

Td10 (C)a

Tensile strength (MPa)

Young’s modulus (GPa)

Elongation at break (%)

s1

s2

308
311
312
314
316

104
86
70
62
42

1.14
0.89
1.04
0.97
0.84

14
13
9
8
6

7.0
5.0
4.0
3.0
2.5

14
12
9
7
6

a

Temperature corresponding to 10% weight loss, measured by TGA at a heating rate of 10C min-1 under synthetic air (N2:O2 = 80:20).

b

s1 and s2 refer to the initial breaking time and the time taken to complete dissolution of the membranes in 3% H2O2, 2 ppm FeSO4 at
80C.
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Figure 3. Stress–strain plots for the pristine and composite
membranes in the acid form in the dry state.

composite membranes, the membrane with 2.5 wt% filler
exhibited the highest oxidative stability, whereas the
membrane with 10 wt% filler displayed least oxidative
stability. Thus, the oxidative stability of the membrane
decreases with an increase in filler loading. Usually, the
oxidative stability of the composite membranes increases
with an increase in filler loading, but here the stability of the
membranes reduces owing to the presence of additional
–SO3H group in the filler. These hydrophilic domains are
susceptible towards oxidative attack per hydroxyl and
hydroxyl radical species (HOO• and HO•) generated in the
fuel cell environment [41]. Nevertheless, the composite
membrane, even with 10 wt% filler, exhibited a good
oxidative stability compared to many other non-composite
membrane materials [22].

3.5 Ion exchange capacity, water uptake, hydrolytic
stability, swelling ratio and hydration number
IECW is the amount of exchangeable protons present per 1 g
of dry membrane. The theoretical value of the pristine

copolymer, SPI-COOH-70 was 2.33 mequiv g-1, calculated from the repeat unit structure. The titrimetric IEC
values of all the polymers were measured by the titrimetric
analysis with 0.1 M NaOH solution and the values were
found in the range of 2.30–2.54 mequiv g-1. The IEC of the
polymer influences the PEM properties such as water
uptake, swelling ratio, proton conductivity, etc. The IEC
values of the composites gradually increased with increasing filler loading as there was an increase in the number of
sulphonic acid groups originating from the sulphonated
filler. The water uptake of the composite membranes was
higher than that of the pristine copolymer due to the
hygroscopic nature of the filler. Moreover, the water
molecules enter the cavity generated from the network
structure resulting from the filler. The weight-based water
uptake values (WUwt%) and the hydration number (k) of all
the polymers are given in table 2.
However, the water uptake values did not increase significantly at higher filler loadings. At high precursor concentrations, the inner sulphonic acid groups are trapped
inside the large SiOPS clusters. Thus, the interaction
between the water molecules and protons reduced, which in
turn decreases the increment of water uptake value at higher
filler loadings [35]. The variation in the water uptake with
the filler loading is presented in figure 4.
The evaluation of hydrolytic stability of the prepared
membranes was performed at 80C for 24 h and checked
the retain weight of the membranes. The pristine membrane
retained the weight of *98%. However, there was no
detectable change observed for the composite membranes.
The SiOPS dissolves immediately in hot water, but the
composite membranes showed a high-hydrolytic stability.
This can be explained in terms of the strong interaction
between the filler and polymer chains [36].
The dimensional stability of these polymer membranes
is presented in table 2. For better visualization, the
swelling ratio values are plotted against the filler loading
as presented in figure 5. The swelling in both the in-plane
(length) and through-plane (thickness) directions in
composite membranes increased gradually with an
increase in filler loading and temperature. This was
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IEC, water uptake, swelling ratio and hydration number of the pristine and composite membranes.
Swelling ratio (%)
IECaW (mequiv g-1)

30C

80C

Polymer

Theo.

Titr.

WU (wt%)b

In-plane

Through plane

In-plane

Through plane

kc [H2O/SO3]

SPI-COOH-70
SPI/SS-2.5
SPI/SS-5.0
SPI/SS-7.5
SPI/SS-10.0

2.33
—
—
—
—

2.30
2.37
2.43
2.49
2.54

32
42
51
54
62

8
2
4
5
7

12
5
8
12
16

10
4
6
7
9

19
11
13
16
21

8
10
12
13
15

a
IECW,Theo = (1,000/MWrepeat unit) 9 DSTheo 9 2, where DSTheo is calculated theoretically from the monomer feed ratio and IECW,Titr is
determined from titration.
b

WU (wt%) = [(Wwet - Wdry)/Wdry] 9 100 (measured at 80C).

c

k = WU (wt%)/(100 9 IECW,Theo 9 MW, H2O), where MW, H2O = 18 g mol-1 (measured at 80C).
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Figure 4. Variation of water uptake (wt%) with filler loading
(%) at different temperatures of the composite membranes.

attributed to the hygroscopic nature of the sulphonated
silica filler. The smaller dimensional change in the length
direction of the membrane is required for the fabrication
of high-quality membrane electrode assembly. All these
membranes exhibited anisotropic swelling where the
dimensional change was lower in the length direction
than that in the thickness direction. The improved inplane swelling can be credited to the cage-like structure
of SiOPS, which further suppressed the free movement of
water molecules through the bulk of the polymer. Thus,
excessive swelling is reduced [42].

3.6

Pristine

SPI/SS-2.5 SPI/SS-5.0 SPI/SS-7.5 SPI/SS-10.0

Figure 5. Dimensional swelling of pristine and composite
membranes at 30C.

were uniformly dispersed in the polymer matrix, which
was clearly observed from the SEM images (figure 6).
This well dispersion of the sulphonated silica particles in
the polymer matrix was attributed to the formation of
covalent bonds with the –COOH functionalities. The
density of the –SO3H groups on the membrane surface
progressively increases with an increase in filler loading.
The energy dispersive X-ray (EDX) analysis was performed to realize the presence of the elements in the
composite membranes. The representative EDX spectrum
of SPI/SS-10.0 composite membrane is shown in figure 6.
The signature of silicon atoms at 1.74 keV was found in
the EDX spectrum.

Surface analysis of the membranes by SEM techniques

The surface morphology of the composite membranes has
been investigated by SEM and AFM techniques to
observe the homogeneous distribution of the silica sulphonic acid nanoparticles (THSPSA) in the pristine
polymer matrix. The sulphonated silica nanoparticles

3.7 Surface analysis of the membranes from the AFM
images
The AFM analysis in tapping mode was also performed to
observe the surface morphology of the composite membranes under ambient conditions (figure 7). In these
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SEM images of composite membranes and EDX spectra of SPI/SS-10.0.

images, the area of the bright region decreases with the
increase in the content of sulphonic acid. The dark
spherical clusters were observed in the composite membrane, which was not observed for the pristine membrane.
This is attributed to the crosslinking of the –COOH group
with the –OH group of the filler. The homogeneity of the
composite membranes was also visualized from the AFM
images.

3.8

Proton conductivity

The proton conductivity of the pristine and composite
membranes was measured in the length direction (in-plane)
of the membranes by using AC impedance spectroscopy.
The temperature of the above test varies from 30 to 90C,
and the measurements were carried out under fully hydrated
conditions. All the proton conductivity values are

Bull Mater Sci
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Figure 7.
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2D tapping mode AFM images of pristine and composite membranes.

Table 3. Proton conductivity of the pristine and composite
membranes.
Proton conductivity
Sample

30C

80C

90C

Ea (kJ mol-1)

SPI-COOH-70
SPI/SS-2.5
SPI/SS-5.0
SPI/SS-7.5
SPI/SS-10.0

57
79
91
102
106

114
156
176
194
205

130
167
181
204
217

11.60
11.65
10.65
10.68
11.16

summarized in table 3. The values were in the range of
57–106, 114–205 and 130–217 mS cm-1 at 30, 80 and
90C, respectively, depending on the exact loading of the
filler particles. As expected, the composite membranes
showed an improved proton conductivity due to the presence of additional sulphonic acid groups in the filler. In
particular, at 80C, composite membranes with a 10 wt%
filler loading showed much higher proton conductivity
(205 mS cm-1)
than
the
proton
conductivity
(114 mS cm-1) of the pristine membrane under same

conditions. It has been observed that the increment of
proton conductivity of the composite membrane with a
10 wt% filler loading is less in comparison with that of
7.5 wt% filler loading. This may be due to the trapping of
H? ions by the large SiOPS ionic cluster generated from
high precursor concentration and thereby make them inert
to interact with water. This was justified by the water uptake
value of the composite membranes. The incorporation of
sulphonated silica (THSPSA) into the polymer matrix provided additional –SO3H groups, thereby increasing the
density of the functional group. Thus, the distance between
the two neighbouring proton-conducting ionic domains
decreased compared to the pristine membrane. As a result,
the effective proton transport was facilitated in the composite membranes.
For better understanding the effect of filler loading on the
proton conductivity of the composite membranes, the r
values at 30 and 80C was plotted against the filler loading.
It was also observed that the proton conductivity of the
membranes increases with the increase in temperature as
shown in figure 8. To understand the effect of temperature,
the proton conductivity values were plotted against temperature as shown in figure 9. The activation energy of the
composite membranes was found to be in the range of
10.65–11.60 kJ mol-1 close to that of Nafion.
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A new sulphonated co-polyimide (SPI-COOH-70) containing carboxylic acid groups and its composite membranes
(SPI/SS-X) with various percentages of THSPSA as a filler
were prepared through the solution casting technique via an
in-situ sol–gel reaction. The prepared membranes exhibited
good thermal stability. The swelling ratio of the composite
membranes in the length direction (in-plane) was much
lower compared to the pristine membrane as the water
molecules enter the cage-like structure of SiOPS. The
homogeneity of the composite membranes was justified
using SEM and AFM images. The improved proton
conduction in the composite membranes was observed after
incorporating the filler, which was attributed to the increase
of the density of the functional –SO3H group and decrease
of the distance between the two neighbouring protonconducting ionic domains compared to the pristine membrane. In particular, at 80C, composite membranes with a
10 wt% filler loading showed much higher proton conductivity (205 mS cm-1) than the proton conductivity
(114 mS cm-1) of the pristine membrane under same conditions. Thus, the preparation of composite membranes
using the sulphonated silica nanofiller could be an approach
to fabricate PEM with an improved set of properties.
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Figure 8. (a) Proton conductivity of pristine polymer and
composite membranes with the increase in temperature. (b) Variation of proton conductivity of the composite membranes with
percentage of THSPSA at different temperatures.
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Figure 9. Temperature-dependent proton conductivity (r) of the
composite membranes.
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