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Abstract

The development of low cost alkaline anion solid exchange
membranes requires high ionic conductivity, low liquid
uptake, strong mechanical properties and chemical stability.
PVA/PSSA blends cross-linked with glutaraldehyde and
decorated with titanium dioxide nanoparticles introduce
advantages relative to the pristine membrane of PVA and

PVA/PVP membranes due to their improved electrical
response and low methanol uptake/ swelling ratio allowing
their use in alkaline direct methanol fuel cells.
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1 Introduction

The production of efficient energy storage devices depends
on development of electrolytes with improved electrical trans-
port and chemical stability [1–11]. Solid electrolytes have been
considered as potential substitutes of liquid electrolytes due to
the improved mechanical strength [12].

In particular, alkaline anion solid exchange membranes
(AASEM) introduce important advantages on conventional
proton exchange membranes (PEM) such as improvement in
water management, fast kinetics of oxygen reduction reactions
and reduced alcohol crossover [13]. The required high purity
of fuel and oxidant feeds represents other important limitation
circumvented by AASEMs.

On the other side, the requirement for low methanol cross-
over introduces a critical limitation for commercial perfluoro-
sulfonate ionomer membranes, such as Nafion (a standard
membrane for PEM applications). Methanol permeation
appears as a strong impediment for large-scale applications,
due to the loss of fuel and typical reduction in the electro-
chemical performance of device [2, 7, 14, 15].

Basic requirement for production of cost-effective AASEMs
are suitable ionic conductivity and reduced methanol uptake
under operation conditions [7, 16–19]. Poly (vinyl alcohol)

(PVA), a semi-crystalline and non-fluorinated polyhydroxy
polymer, introduces interesting properties in fuel cell applica-
tions [20–22].

Based on these promising properties, different strategies
have been developed in order to optimize the use of PVA-
based devices. Particularly, ionic transport in alkaline-doped
PVA (PVA-KOH) is favored by inter-penetrating networks
obtained with incorporation of stabilizer/plasticizer agents
with cross-linking modification of polymeric matrix [13].

In this direction, the literature reports the use of PVA in
blends with sulfonic acid groups-based polymers (viz. poly-
styrene sulfonic acid–PSSA) and poly (styrene sulfonic acid-
co-maleic acid) (PSSA-MA) cross-linked with glutaraldehyde.
Resulting material is characterized by good chemical stability,
high ionic conductivity, low swelling ratio and low liquid
uptake [2, 10, 23–25].

C.–C. Yang [7] reported the use of ceramic fillers (TiO2) with
the aim of increasing the amorphous phase of polymer mem-
brane. This process favors the creation of defects and free vol-
ume at interface between particles and polymer chains allow-
ing the KOH adsorption and improved OH- ionic conductivity.
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Qiao et al. [26] reported that incorporation of interpenetrat-
ing poly (vinyl pyrrolidone) domains in PVA polymeric
matrix, which contributes to improvement in the KOH
adsorption in the interspaces created in PVA [27].

Based on these results, we have explored the influence of
TiO2 and PVP (isolated and combined contribution) in order
to optimize the swelling, liquid uptake and ionic conductivity
of KOH-doped and cross-linked PVA/PSSA membranes.

2 Materials and Methods

2.1 Reagents

Poly (vinyl alcohol), poly (vinyl pyrrolidone), sulfuric acid,
HCl, KOH, acetone, titanium dioxide, PSSA and glutaralde-
hyde were purchased from Aldrich and used as received.

2.2 Preparation of Samples

The procedure for PVA-based AASEMs production was
established according four steps viz. preparation of mem-
brane, incorporation of additives, cross-linking and alkaline
treatment [6, 7, 16, 26], as follows:

2.2.1 Polymeric Membrane Production

PVA powder (10 wt.%) is placed in 30 mL of water at
363.2 K during 2 h. Dissolved PVA in aqueous solution is
poured into Petri dish allowing the water elimination under
ambient temperature. The resulting film is peeled off from
Petri dish, providing a free-standing membrane.

2.2.2 Additives Incorporation

Additives (PVP – varying amount from 0.2 g to 1.0 g, PSSA
(2 mL) – and TiO2 – varying amount from 0.0 g to 0.4 g) were
introduced into aqueous solution at different relative concen-
tration, previously to the dispersion of PVA (10 wt.%) which is
mixed at 363.2 K during 2 h. The sequence of film preparation
follows the same procedure as previously reported for PVA
membranes.

2.2.3 Cross-linking

The cross-linking of polymer matrix with glutaraldehyde
(GA) was established as follows:

Resulting PVA membrane is soaked into a reactor contain-
ing glutaraldehyde (GA) 10 wt.% and 50 mL of HCl (0.1M) in
acetone at 303.2 K during 1 h, an adequate acidic environment
for cross-linking between –OH group of PVA and –CHO
group of GA [16].

2.2.4 Alkaline Treatment

The corresponding cross-linking procedure is followed by
alkaline treatment: samples were soaked in KOH aqueous so-
lution (4M) during 24 h for ion incorporation.

2.3 Characterization Techniques

2.3.1 Ionic Conductivity Measurement

The ionic conductivity of membranes was measured using
electrical impedance spectroscopy with a potentiostat/galva-
nostat Autolab PGSTAT 302N in the range of frequency of
1 MHz–1 Hz, AC excitation of 10 mV and no external BIAS.
The membrane was disposed in a Solartron 12962A sample
holder (two-electrode configuration) at fixed temperature and
humidity conditions. The bulk resistance R (intersection of
semicircular arc at high frequency with Z¢ axis) is related with
ionic conductivity according Eq. (1)

s ¼ L
RA

(1)

where L is the distance between two electrodes and A is the
cross-sectional area of sample under test.

2.3.2 Raman Spectrum

Raman spectroscopy was performed in KOH-doped
PVA/PSSA membranes in the absence/presence of TiO2 in
order to identify the incorporation of components. The spec-
trum of resulting material was determined using a Raman
spectrometer (LabRam Horiba Evolution) with a 532 nm laser.

2.3.3 DSC Thermograms

DSC thermograms of membranes were performed by a
Shimadzu DSC-60 using a scan rate of 10 K min–1 and a tem-
perature range of 298 K to 553 K under continuous flux of
nitrogen.

2.3.4 Methanol Uptake and Swelling Ratio

Methanol uptake and swelling ratio were determined as
follows:

The weight and size (length) of membranes were deter-
mined at dry and wet condition (after immersion of mem-
brane in methanol during 24 h). Liquid uptake and swelling
ratio are given by Eqs. (2) and (3), respectively [9]:

Liquid Uptake ðLUÞ ¼
Wwet � Wdry

Wdry
(2)

Swelling ratio ðSRÞ ¼
Lwet � Ldry

Ldry
(3)

where Wwet and Lwet are mass and length of wet membranes
while Wdry and Ldry are mass and length of dry membranes,
respectively.

3 Results and Discussion

The cross-linking provided by GA in PVA membrane
improves the chemical stability and ionic conductivity in com-
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parison with conventional method of annealing (thermal treat-
ment at 373.2 K during 1 hour) [17]. The ionic conductivity of
PVA/GA membrane is in order of (0.745+ 0.166) · 10–3 S cm–1

while annealed sample returns corresponding conductivity of
(0.031+ 0.014) · 10–3 S cm–1. The incorporation of PSSA
(2 mL) in composition of PVA membrane improves the result-
ing ionic conductivity to (0.776+ 0.075) · 10–3 S cm–1. Based
on this information, we have explored the influence of TiO2

and PVP on KOH-doped PVA/PSSA membrane cross-linked
with GA.

3.1 Influence of TiO2

The influence of TiO2 on electrical response of membrane is
shown in the Figure 1. By comparison of curves, it is possible to
verify that incorporation of PSSA improves the overall electri-
cal response of membrane. The ionic conductivity of membrane
reaches the maximum value (in order of 4.2 · 10–3 S cm–1) with
incorporation of 0.02 g of TiO2. It is noteworthy that ceramic
fillers contribute to increase in the amorphous phase of poly-
mer (which affects positively the ionic conductivity). How-
ever, progressive incorporation of semiconductor nanopar-
ticles reduces the free volume for ionic movement. This
process takes place with reduction in the liquid uptake in the
polymer membrane and reduction in the ionic conductivity.
The maximum observed at 0.02 g represents the equilibrium
point between these phenomena.

In addition to increase in the ionic conductivity (which is
affected by creation of defects induced by semiconductor filler
in polymeric matrix) [7], the incorporation of TiO2 in poly-
meric matrix affects thermal properties of resulting mem-
brane:

As shown in the Figure 2, the incorporation of TiO2 (0.02 g)
in membrane reduces the melting temperature of resulting
material from 498.5 K to 496.9 K. In correspondence, the heat
of fusion decreases from –51.40 J g–1 to –49.35 J g–1, in agree-
ment with data reported in the literature [7] indicating the

increase in the amorphous phase of polymeric matrix. The
progressive incorporation of TiO2 reduces strongly the heat of
fusion to –0.58 J g–1 (in response of inclusion of 0.4 g of TiO2),
in agreement with previously reported data.

The Raman spectra of membranes (in the absence and pres-
ence of additive – TiO2) shown in the Figure 3 reveals charac-
teristic peaks of PVA at 1.438 cm–1 assigned to C–H and O–H
bending and at 1.145, 919 and 856 cm–1 (C–C and C–O stretch-
ing) [28, 29]. Other important aspect to be reported concerns to
the reduction in the intensity of peaks by comparison of
samples KOH-doped PVA/PSSA and KOH-doped
PVA/PSSA/TiO2, due to the increasing amorphous phase
induced by TiO2 (in agreement with data of heat of fusion of
membranes).

Characteristic peaks of TiO2 (phonon modes related with ana-
tase phase) are identified at 142 cm–1 (Eg(1)), 194 cm–1 (Eg(2)),
396 cm–1 (B1g(1)), 516 cm–1 (A1g(1) + B1g(2)) and 636 cm–1 (Eg(3)) [30].

3.2 Influence of PVP

The influence of PVP on membranes was compared for
samples prepared in the absence and in the presence of semi-
conductor filler – TiO2 (0.02 g).

In agreement with literature, it was observed that progres-
sive inclusion of PVP in PVA matrix improves the swelling
ratio of resulting matrix (see Figure 4).

By comparison with KOH-doped PVA/PSSA/TiO2 matrix,
it is possible to verify that minimum in the swelling ratio is
established with incorporation of 0.4 g of PVP in the resulting
matrix. Progressive incorporation of PVP elevates the swelling
ratio of matrix. The minimum in the swelling ratio of
PVA/PSSA/TiO2 membrane can be described as a result of
competition established between two mechanisms: the incor-
poration of ceramic filler at optimal concentration (0.02 g of
TiO2) results in reasonable increase in the swelling ratio of
membrane. On the other side, the incorporation of an interpe-

Fig. 1 Dependence of ionic conductivity of samples KOH-doped (PVA
and PVA/PSSA) as a function of amount of TiO2.

Fig. 2 DSC thermogram of KOH-doped PVA/PSSA/GA membrane
(black line) in comparison with KOH-doped PVA/PSSA/TiO2 membrane
(0.02 g - - red line and 0.4 g – green line).
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netrating matrix (provided by PVP) provokes a reduction in
the influence of particles on swelling of matrix due to the dis-
tribution of TiO2 particles between PVP and PVA structure.
The progressive incorporation of PVP contributes to hydrophi-
lic behavior improvement in the resulting matrix followed by
increase in the overall swelling ratio.

In terms of liquid uptake (as shown in the Figure 5),
the progressive incorporation of PVP in both membranes
(KOH-doped PVA/PSSA and KOH-doped PVA/PSSA/TiO2)
provokes a general increase in the corresponding value of
methanol uptake.

The comparison with standard membrane reveals the typi-
cal advantage for use of PVA-based membrane with methanol
as a feed-fuel (liquid uptake of Nafion is in order of 339%).

The ionic conductivity of membranes in the absence and
presence of TiO2 was evaluated in order to establish the inter-
action of additives and corresponding influence on electrical
response of membranes.

Results in the Figure 6 indicate that PVP affects positively
the response of KOH-doped PVA/PSSA due to the improve-
ment in the conductivity as a consequence of additive incor-
poration.

Fig. 3 Raman spectrum of KOH-doped PVA/PSSA membrane (black line) in comparison with KOH-doped PVA/PSSA/TiO2 membrane (red line).

Fig. 4 Comparison of swelling ratio of methanol in KOH-doped
(PVA/PSSA and PVA/PSSA/TiO2) matrix as a function of amount of PVP
in membrane.

Fig. 5 Comparison of methanol uptake (%) of KOH-doped PVA/PSSA
and KOH-doped PVA/PSSA/TiO2 membranes as a function of amount
of PVP in membrane.
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However, as previously observed, the influence of TiO2 on
membrane ionic transport dominates and corresponding level
of conductivity tends to be higher for sample prepared in the
absence of additive (PVP). As a result, the progressive incor-
poration of PVP in association with TiO2 returns a general
decrease in the level of conductivity (the higher value of con-
ductivity obtained for samples in the presence of PVP is lower
than the value obtained in the absence of additive).

Based on these results, it is possible to establish that
association of PVP and TiO2 in PVA-based membranes affects
negatively electrical and mechanical properties due to the
decrease in the conductivity and progressive swelling
ratio/liquid uptake.

The combined analysis of three factors (ionic conductivity,
methanol uptake and swelling rate due to the methanol adsorp-
tion) indicates that sample KOH-doped PVA/PSSA/TiO2

prepared using 0.02 g of TiO2 can be considered as a potential
candidate for application as membranes for DFMC due to
the reasonable level of ionic conductivity and improved
chemical/ mechanical characteristics.

4 Conclusion

The competition established between creation of defects
(increasing amorphous phase due to the incorporation of cera-
mic fillers) and interpenetrating domains (due to the action of
PVP and PSSA) contributes to definition of best condition for
production of cost-effective AASEMs.

The best concentration of components is reached at condi-
tion in which small variation in parameters is followed by
dilution of charge carriers which affects strongly the mechani-
cal and electrical response of resulting membranes.

The introduction of TiO2 fillers (0.02 g) returns the best
condition for filler incorporation in membranes and enables
PVA/PSSA/TiO2 as a potential candidate for use in DMFC
membrane applications.
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