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Abstract: The optimization of fuel cell materials, particularly polymer membranes, for PEMFC has driven the 
development of methods and alternatives to achieve systems with more adequate properties to this application. The 
sulfonation of poly(styrene-co-allyl alcohol) (PSAA), using sulfonating agent:styrene ratios of 2:1, 1:1, 1:2, 1:4, 1:6, 
1:8 and 1:10, was previously performed to obtain proton conductive polymer membranes. Most of those membranes 
exhibited solubility in water with increasing temperature and showed conductivity of approximately 10–5 S cm–1. In 
order to optimize the PSAA properties, especially decreasing its solubility, semi-IPN (SIPN) membranes are proposed 
in the present study. These membranes were obtained from the diglycidyl ether of bisphenol A (DGEBA), curing 
reactions in presence of DDS (4,4-diaminodiphenyl sulfone) and PSAA. Different DGEBA/PSAA weight ratios were 
employed, varying the PSAA concentration between 9 and 50% and keeping the mass ratio of DGEBA:DDS as 1:1. The 
samples were characterized by FTIR and by electrochemical impedance spectroscopy. Unperturbed bands of PSAA 
were observed in the FTIR spectra of membranes, suggesting that chemical integrity of the polymer is maintained 
during the synthesis. In particular, bands involving C-C stretching (1450 cm–1), C=C (aromatic, ~ 3030 cm–1) and C-H 
(2818 and 2928 cm–1) were observed, unchanged after the synthesis. The disappearance or reduction of the intensity 
of the band at 916 cm–1, attributed to the DGEBA epoxy ring, is evidenced for all samples, indicating the epoxy ring 
opening and the DGEBA crosslinking. Conductivity of H

3
PO

4
 doped membranes increases with temperature, reaching 

10–4 S cm–1.
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Introduction

Renewable energy sources are currently among the 
most active research areas due to the global climate 
changes and their consequences. Solar, wind and 
hydroelectric power plants are the most used energy 
sources in many countries, especially in Brazil[1]. The 
increasing petroleum consumption and the current 
concerns about climate changes have driven many 
researchers to the development of materials and 
devices for energy conversion technologies, such as 
photovoltaic devices and fuel cells. These devices are 
intended to supply power for small stationary, vehicular 
and mobile applications[2,3]. Among the different power 
sources available for electric energy conversion, fuel 
cells (FC) exhibit many advantages, particularly zero 
carbon emission, when using hydrogen as fuel[1]. FC 
are devices in which the chemical energy is converted 
into electric energy via electrocatalytic reactions and are 
characterized mainly by the electrolyte and fuel used, as 
in alkaline fuel cells (AFC); phosphoric acid fuel cells 
(PAFC); molten carbonate fuel cells (MCFC); solid oxide 
fuel cells (SOFC) and, in proton exchange membrane 
fuel cells (PEMFC, also known as polymer electrolyte 
membrane fuel cells), the polymeric membrane is 
responsible for the H+ transport[4,5].

In order to allow the commercialization of FC in a 
large scale, a significant cost reduction must be achieved, 
by the optimization of materials used or the development 
of new ones. The optimization of polymer membranes 
for FC strongly depends on the knowledge of its 
nanostructure and proton transport mechanism, as well 
as the characterization of electrochemical, thermal and 
mechanical properties[6,7]. Among the methods aiming 
the optimization of polymer membranes, attention is 
given to the sulfonation of commercial polymers and 
the use of basic polymers, such as poly(imidazole) and 
poly(benzimidazole)[8]. From these basic polymers, acid-
doped membranes are obtained (usually with H

3
PO

4
), 

in which the proton transport depends on the acid 
concentration in the system[9]. The use of Interpenetrating 
Polymer Networks (IPN) as a polymeric membrane have 
been proposed and described in the literature, due to 
the possibility of free volume control associated with 
mechanical, thermal and chemical stability, usually 
exhibited by these systems[10], although few studies 
have been reported. In 2011, Chikh and co workers 
published a review describing the application of Semi-
interpenetrating Polymer Networks (SIPN) as polymeric 
membranes[7]. According to the IUPAC definition, while 
an interpenetrating polymer network (IPN) is
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A polymer comprising two or more networks which are 
at least partially interlaced on a molecular scale, but not 
covalently bonded to each other and cannot be separated 
unless chemical bonds are broken;

a SIPN (Semi-IPN) is

A polymer comprising one or more polymer networks and 
one or more linear or branched polymers characterized 
by the penetration on a molecular scale of at least one of 
the networks by at least some of the linear or branched 
macromolecules (Figure 1).

The combination of linear type polymer / crosslinked 
polymer has several advantages for IPN based membranes. 
First, the use of a linear or branched polymer makes the 
availability of starting materials of choice large and, 
additionally, only one chemical reaction must be carried 
out to obtain the material. This fact considerably reduces 
the occurrence of undesired side reactions between the 
two components as copolymerization and grafting. The 
availability of starting materials and the possibility 
of changing SIPN composition allow the tuning of 
optimized properties such as high ionic conductivity; 
mechanical, chemical and dimensional stability at high 
temperatures and in oxidizing/reducing environments; 
low fuel permeability after water or methanol uptake 
and good contact with the interfaces between electrodes/
electrolyte.

In the present work, semi-interpenetrating polymer 
network (SIPN) membranes based on the diglycidyl 
ether of bisphenol-A (DGEBA) crosslinked with 
4,4’diaminodiphenyl-sulphone (DDS) and poly(styrene-
co-allyl alcohol) were obtained and characterized by 
FTIR, electrochemical impedance spectroscopy and 
scanning electronic microscopy, in a prospective study 
for its future application as proton conductive membrane 
in PEMFC.

Experimental Part

Materials and samples preparation

Cure reactions in solution were carried out in order 
to obtain semi-interpenetrating network (Semi-IPN) 
membranes from the diglycidyl ether of bisphenol-A 
(DGEBA), 4,4’-diaminodiphenilsulfone (DDS) 
and poly(styrene-co-allyl alcohol) (PSAA). PSAA 
(2.200 g.mol–1, 20 mol% AA), DGEBA and DDS were 

purchased from Aldrich Chem. Co. and used as received. 
Ethanol (Aldrich, PA) was used as solvent after storage in 
4 Å molecular sieve.

Semi-IPN membranes containing PSAA in mass 
ratios of 9, 17, 23, 29, 33, 38, 41, 44, 47 and 50% (w/w) 
were obtained. DGEBA and PSAA were dissolved in 
ethanol at 70 °C and a solution containing DDS was 
slowly added under constant stirring. The solutions were 
then heated to 130 °C under reflux until the reaction was 
completed, transferred to Petry dishes and dried under 
vacuum.

Figure  2 shows DGEBA cured with 
4,4’-diaminodiphenilsulfone and poly(styrene-co-allyl 
alcohol) chemical structure.

Characterizations

Semi-IPN and PSAA membranes were characterized 
by Infrared Spectroscopy (FTIR), in a Nicolet Magna‑IR 
760 in the spectroscopic range between 4000 and 
400 cm–1 with 128 scans per spectrum and optimized gain 
for all samples.

Scanning Electron Microscopy (SEM) images were 
obtained in a Hitachi TM1000, operating at 15 kV and 
magnification of 40, 80, 100 and 500 x.

Methanol uptake tests were conducted at 25 °C, by 
immersion of the dry membranes during 24 h and, after 
removal of the solvent excess (not absorbed), weighted as 
w

S
. The membranes were dried at 80 °C under vacuum 

and weighted as w
0
, from which the methanol uptake (S

%
) 

was calculated. The uptake values were calculated as the 
mean value after six experimental determinations.

S
%
 = [ 100 × ( w

S
 – w

0
 ) ] / w

0	
(1)

Semi-IPN membranes were doped in H
3
PO

4
 5% 

aqueous solutions during 24 h and dryed, in order to 
introduce charge carriers (H

3
O+ from dissociated acid) 

for proton conductivity determinations. Membranes 
with 0.707 cm² were sandwiched between stainless steel 
electrodes for Electrochemical Impedance Spectroscopy 
(EIS) studies, using an Autolab PGSTAT30/FRA, with 
frequency between 1 MHz and 10 mHz at 25, 40, 50, 60 
and 80 °C at 100% relative humidity, keeping the cell with 
the electrodes immersed in water. All EIS determinations 
were performed in triplicate, so the values listed represent 
the mean conductivity for each sample. The proton 
conduction resistance (R) values were determined at the 
intercept of the EIS spectra with the real axis and the 
conductivity (σ) was calculated from:

σ = L / A × R	 (2)

In which L is the membrane thickness (in cm) and A 
its geometrical area (0.707 cm²).

Results and Discussion

Vibrational spectroscopy characterization

Figure  3 depicts the FTIR spectra of Semi-IPN 
membranes in different spectroscopic regions, evidencing 
the structural changes as a function of PSAA/DGEBA 
ratio.

Figure  1. Squematic diagram of DGEBA-DDS/PSAA Semi-
IPN.
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Figure 2. (a) DGEBA cured with 4,4’-diaminodiphenilsulfone, (b) poly(styrene-co-allyl alcohol) chemical structure.

Figure 3. FTIR spectra of Semi-IPN membranes in different spectroscopic regions: (a) 1700-1000 cm–1; (b) 1000-500 cm–1.

Figures  3a and b exhibit some of the characteristic 
vibrational modes of PSAA, DDS and DGEBA, as well as 
their variation as a function of concentration in the Semi-
IPN membranes. The epoxy ν(C-H) mode, characteristic 
of DGEBA, is detected at 3056 cm–1 (not shown) and, in 
Figure  3b, the band at 916 cm–1 ν(epoxy) is evidenced 

for pure DGEBA. The intensity decrease and consequent 
suppression of this band at 916 cm–1 is associated with the 
epoxy ring opening reaction and confirms the formation 
of a polymeric structure involving DGEBA units[11]. The 
epoxy resin cure reaction induces structural changes 
associated to the ring opening polymerization, among 
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which the formation of hydroxyl groups, evidenced by 
the out-of-plane OH vibrational mode at 1638 cm–1. 
The FTIR spectra also evidence the maintenance of the 
PSAA chemical structure after the Semi-IPN formation, 
markedly the vibrational modes: C-C (1450 cm–1, 
Figure 3a); C=C (aromatic, 3030 cm–1), and C-H (2818 
and 2928 cm–1) (not shown).

The increase in PSAA concentration also evidences 
the increase in the 1183 cm–1 band intensity, probably 
associated with the formation of ether groups during the 
epoxy ring reaction[12]. For all the Semi-IPN membranes 
spectra, the epoxy ring vibrational mode is absent, 
evidencing the complete reaction and, consequent 
formation of the Semi-IPN system DGEBA/PSAA.

DDS characteristic vibrational modes are marked on 
the spectra represented in Figure 3b. The ν(O=S=O) band 
at 1149 cm–1 is observed in the Semi-IPN spectra, as well 
as the ν(C-N), at 1183 cm–1, confirming the cure reaction 
involving DDS.

Morphology

Representative SEM images of Semi-IPN membranes 
are shown in Figure 4.

As observed in Figure  4, all membranes exhibit 
good homogeneity up to the magnification used. The 
membranes containing lower PSAA concentrations 
(29%) exhibited a compact and continuous morphology, 
closely related to the one observed for cured epoxy resins. 
In these samples, surface irregularities are most likely 
related to solvent evaporation during samples preparation.

Membranes containing 33 to 50% PSAA also exhibited 
good homogeneity, with surface structures detached from 
the continuous polymer matrix. The increase in PSAA 
content in the membranes induces slight variations in the 
surface morphology, with formation of less homogeneous 
structures, as observed by SEM.

Due to the continuous structure observed in SEM 
images and the good homogeneity detected, there is no 
evidence of phase separation in the system, as pointed by 
other authors for the characterization of IPN and blend 
membranes[13]. The surface continuity and compactness 
observed for the DGEBA/PSAA Semi-IPN membranes is 
key for its application in FC devices, since fuel crossover 
must be avoided and membrane porosity is one of the 
main factors influencing this characteristic.

Figure 4. SEM images selected Semi-IPN membranes: (a) 17% PSAA; (b) 29% PSAA; (c) 33% PSAA; (d) 47% PSAA.
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Methanol uptake

Table  1 lists the methanol uptake values for the 
DGEBA/PSAA Semi-IPN membranes.

Significant methanol uptake values were detected 
for all samples and, at this stage of development, are 
prohibitive for the application of such membranes in 
methanol direct PEMFC devices. On the other hand, its 
application in hydrogen-based PEMFC is not affected 
by methanol uptake or crossover. For these devices, in 
which the proton conductivity is a key property for the 
application, water uptake is a more adequate feature to 
be described. The values obtained do not exhibit a clear 
behavior with the PSAA content in the membranes, 
however, there seems to be an irregular tendency of 
increase in methanol uptake as the PSAA mass ratio 
increases in the membranes.

The SIPN studied can provide hydrogen bonds 
between the hydroxyl of poly(styrene-co-allyl alcohol) 
and ether groups of the crosslinked polymer (Figure 2) 
and the ratio of free hydroxyl groups to hydrogen 
bonded ones influences the alcohol absorption. 
Furthermore, membrane inhomogeneities caused by 
possible fluctuations in solvent evaporation speed during 
film formation by casting process may also influence 
methanol uptake by changing the agglomeration of 
ionic groups and the concentration of hydrophilic and 
hydrophobic domains in the membrane. However, 
measurements at different parts of a membrane exhibited 
only small deviations, which indicates homogeneity in 
the distribution of hydrophilic and hydrophobic domains. 
Considering that methanol uptake values were between 
90 and 264 %, these SIPN membranes were discarded for 
use in direct methanol fuel cells (DMFC).

Proton conductivity

Figures  5a, c, e and g depict the electrochemical 
impedance spectra of selected DGEBA/PSAA Semi-
IPN membranes obtained under 100% RH at different 
temperatures and Figures 5b, d, f and h show in detail the 
high frequencies region of electrochemical impedance 
spetra with some frequencies indicated.

The characteristic ion-conductive behavior is 
observed for all spectra recorded, regardless the 
temperature. In the high frequency region, a semicircle 

associated with the ion transport resistance is observed 
and, in the low frequency region, a straight line associated 
with the electrode/electrolyte interface capacitive effects. 
The utilization of stainless steel blocking electrodes 
induces a polarization phenomenon inside the membrane, 
contributing to the capacitive effects mentioned. The 
conductivity values calculated from the resistance 
obtained in each EIS spectra are listed in Table 2.

Membranes containing 17, 23, 33 and 44% PSAA 
exhibited conductivity values in the order of 10–5 S.cm–1, 
while those containing 29, 41, 47 and 50% PSAA, 
σ  values reached 10–6 S.cm–1. Some of the membranes 
exhibit a tendency of increasing conductivity with 
temperature, evidencing a thermally activated process.

Maximum conductivity values were obtained for the 
Semi-IPN membrane containing 47% PSAA at 25 °C of 
(1.44±1.85)×10–4 S.cm–1 and for the one containing 38% 
PSAA at 60 °C, of (2.29±0.41)×10–5 S.cm–1. Considering 
the deviations, the membranes exhibit a mean conductivity 
of approximately (2.05±0.26)×10–5 S.cm–1 at 80 °C. These 
values, even inferior to others described in the literature, 
can be optimized by structural (chemical) modifications 
in the system, such as sulfonation[14].

The temperature dependence of conductivity was 
studied using the Arrhenius model, and is represented in 
Figure  6. Semi-IPN membranes containing 17, 29, 33, 
38, 41 and 44% PSAA exhibited a tendency of increasing 
conductivity with temperature and, therefore, were 
studied using the Arrhenius model.

The Arrhenius model can be described by:

log σ = log A
0
 – E

a
 / RT	 (3)

In which A
0
 is the number of charge carriers; E

a
 is 

the apparent activation energy, R the gas constant and T 
the temperature. The E

a
 and log A

0
 values were calculated 

and are listed in Table 3.
The E

a
 values exhibit a correlation with the PSAA 

content in the membranes, increasing as these polymer 
ratio increases in the samples. All membranes exhibit 
E

a
 < 10 kJ.mol–1, suggesting a predominantly structural 

proton conduction mechanism (Grotthuss)[15]. Under the 
point-of-view of PEMFC application, it is preferable 
that membranes exhibit proton conduction based on 
both structural and vehicular mechanisms[16]. In that 
case, independently of the water content in the system, 
appreciable conductivity values can be reached, adequate 
for the proper PEMFC operation. Despite the indication 
of predominance of a structural mechanism under high 
hydration conditions, there is evidence of ion mobility 
under a PEMFC electric field, regardless the hydration 
conditions[17].

The log(A
0
) values are associated with the number 

of charge carriers, reflecting the number of protogenic 
groups, as well as their mobility. These values were 
found approximately constant, due to the acid doping in 
the membranes, carried out under the same concentration, 
time and temperature.

Table 1. Methanol uptake values for Semi-IPN membranes.

Semi-IPN (% PSAA) Methanol uptake (%)

50 100 ± 5

47 232 ± 5

44 235 ± 8

41 264 ± 6

38 137 ± 7

33 104 ± 4

29 171 ± 9

23 113 ± 7

17 90 ± 6

9 153 ± 6
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Figure 5. EIS spectra of selected Semi-IPN/H
3
PO

4
 membranes: (a) 29% PSAA; (c) 33% PSAA; (e) 41% PSAA; (g) 50% PSAA. (b), 

(d), (f) and (h) show in detail the high frequencies region of spectra (a), (c), (e) and (g), respectively.
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Conclusions

In the present work, Semi-IPN membranes based on 
DGEBA and PSAA were obtained and characterized by 
FTIR, SEM, EIS and uptake behavior. The spectroscopic 
characterization evidenced the formation of a Semi-IPN 
structure involving DGEBA, PSAA and DDS, in which 
the PSAA maintained part of its chemical structure, 
especially in the main chain. Conductivity values of about 
10–5 S.cm–1 were obtained at 80 °C, associated with proton 
transport, originated from H

3
PO

4
 dissociation in the 

membranes. These conductivity values are a consequence 
of the molecular and macromolecular structure of the 
system, as well as water absorption in the membranes. 
The E

a
 values calculated indicate a predominantly 

structural proton transport mechanism.

Table 3. E
a
, log(A

0
) and σ

max
 values obtained for SIPN/H

3
PO

4
 membranes.

PSAA (%) Ea (kJ.mol–1) log(A0) σmáx (S.cm–1)

17 1.78±1.91 –4.16±0.71 (1.95±0.07)×10–5

29 2.52±1.14 –4.41±0.42 (5.44±0.40)×10–5

33 1.54±0.79 –4.33±0.29 (1.51±0.07)×10–5

38 1.91±0.68 –4.10±0.26 (2.29±0.41)×10–5

41 2.07±0.35 –4.22±0.13 (1.19±0.69)×10–5

44 8.33±1.54 –1.86±0.57 (2.04±0.42)×10–5

Table 2. Conductivity values (S.cm–1) of SIPN/H
3
PO

4
 membranes.

PSAA (%) 25 °C 40 °C 50 °C 60 °C 80 °C

50 (2.25±0.89)×10–5 (8.30±0.42)×10–6 (7.79±0.88)×10–6 (9.01±0.78)×10–6 (1.03±0.29)×10–5

47 (1.44±1.85)×10–4 (1.57±0.29)×10–6 (9.72±0.48)×10–6 (1.07±0.16)×10–6 --

44 (6.81±1.74)×10–6 (6.66±0.35)×10–6 (10.7±0.15)×10–5 (1.37±0.20)×10–5 (2.04±0.42)×10–5

41 (8.66±0.40)×10–6 (1.00±0.21)×10–5 (9.67±0.77)×10–6 (1.05±0.11)×10–5 (1.19±0.69)×10–5

38 (1.34±0.27)×10–5 (1.41±0.19)×10–5 (1.55±0.48)×10–5 (2.29±0.41)×10–5 --

33 (1.19±0.13)×10–5 (1.19±0.11)×10–5 (1.13±0.02)×10–5 (1.23±0.05)×10–5 (1.51±0.07)×10–5

29 (4.09±0.68)×10–6 (1.00±0.38)×10–6 (4.37±1.09)×10–6 (4.84±0.54)×10–6 (5.44±0.40)×10–6

23 (1.62±0.32)×10–5 (1.00±0.38)×10–5 (1.14±0.04)×10–5 (1.35±0.07)×10–5 (1.73±0.06)×10–5

17 (1.51±0.28)×10–5 (1.12±0.06)×10–5 (1.21±0.11)×10–5 (1.55±0.02)×10–5 (1.95±0.07)×10–5

Figure 6. Conductivity dependence with temperature (Arrhenius 
plots) for Semi-IPN/H

3
PO

4
 membranes.
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