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bstract

The functional properties of the composite membrane generated from polyvinyl alcohol, zirconium phosphate and silicotungstic acid are
escribed. The fabricated membranes were characterized by using FT-IR, XRD, TGA, DSC and SEM techniques. These fabricated membranes

howed reduced methanol cross over (for possible application in DMFC) relative to that of Nafion® 115. A maximum proton conductivity of
0−2 S cm−1 at 60% RH was attained with 30 wt% STA incorporated composite membrane. This is however lower than that observed for Nafion®

15 at 100% RH.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Fuel cells are emerging as an alternate energy source for
obile and stationary applications. The successful performance

f a fuel cell depends critically on the role of the membranes.
hough Nafion® (a perfluorosulfonated polymer marketed by
s. Du Pont) has been identified as the preferred membrane

or PEM fuel cells, various attempts have been made to develop
lternate, adaptable and acceptable class of membranes. Nafion®

embranes currently employed in hydrogen oxygen fuel cells
re not appropriate for use in DMFC since Nafion® exhibits
educed conductivity at low humidity condition and/or at ele-
ated temperatures. In addition considerable fuel crossover takes
lace. Nafion® based membranes are unstable at temperatures
igher than 353 K. These limitations have prompted search
or alternate membranes. Various approaches have been made
ike: (i) modifying perfluorosulfonic acid (PFSA) membranes to
mprove their water retention properties at temperatures above

73 K by crosslinking [1–5], or by forming composites with
ygroscopic oxides, MO2 (M = Zr, Si, Ti) [6,7] or with inor-
anic proton conductors [8–13], (ii) by selecting other non
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tungstic acid

uorinated polymer electrolytes such as sulfonated polyether-
etones [14], and sulfonated polyetheretherketones [15,16],
ulfonated poly arylene ethersulfone (PES) [17], basic poly-
ers such as, poly(4-vinylpyridine) [18], polybenzimidazole

18]. However, sulfonation of these polymers are not simple,
nd will demand exacting experimental conditions [19] and
iii) designing inorganic organic composite membranes [20–28].
his has attracted attention, because such composites may
how controllable physical properties, such as thermal, elec-
rical and mechanical behavior, by combining the properties of
oth organic polymers and inorganic compounds (solid inor-
anic proton conductors). Solid inorganic proton conductors like
irconium phosphates, heteropolyacids (HPAs), metal hydrogen
ulfates have dual role of being both hydrophilic and proton
onducting. However, HPAs are generally water-soluble. Con-
equently, a major research objective is to fix the HPAs in stable
tructure by forming composites [25,29–31] which can main-
ain their high proton conductivity. Composite matrix reduces
he leaching of HPA. The scope of the present study is to inves-
igate a composite membrane made of polyvinyl alcohol (PVA)
nd zirconium phosphate (�-ZrP) with silicotungstic acid (SWA)

s an active moiety. Water insoluble zirconium phosphate was
dded to suppress crack formation due to the shrinkage caused
uring drying. It also contributes to protonic conduction through
he proton of phosphate moiety and crystalline water thereby

mailto:bvnathan@iitm.ac.in
dx.doi.org/10.1016/j.memsci.2007.01.018
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educing the humidity dependence on conductivity. The driving
orce for this attempt is to design newer class of membranes,
hich may not demand the exacting experimental conditions

nd critical management of chemical environments that are nec-
ssary for the synthesis of membranes like Nafion® and other
ulfonated polymers.

. Experimental

.1. Materials and membranes preparation

Polyvinyl alcohol (PVA; MW: 125,000), silicotungstic acid
SWA) were obtained from SRL chemicals, orthophosphoric
cid (H3PO4) was obtained from the E-Merck and zirconium
xychloride (ZrOCl2·8H2O) was obtained from Loba Chemie
nd were used as received.

.1.1. Preparation of zirconium phosphate
Zirconium phosphate is prepared by taking 1 M aqueous solu-

ion of ZrOCl2·8 H2O and it is slowly added to a 10 times excess
f 1 M H3PO4. The precipitate was washed several times with
eionized water, dried 2 h at 368 K and stored at 100% RH and
oom temperature.

.1.2. Synthesis of PVA–ZrP–SWA composite membranes
The composite membranes were prepared by sol–gel process.
10% solution of PVA in water was made by constant stirring

t 343 K and to that zirconium phosphate (10 wt%) and silico-
ungstic acid (10, 20 and 30 wt%) was added and the resultant

ixture was refluxed at 343 K for 8 h, to obtain a clear viscous
olution. The resulting viscous solution was gelated for 2 days.
he film was cast on a clean glass plate with the desired thickness
nd dried at room temperature.

.2. Structural characterization

The FT-IR (Perkin-Elmer) spectra for the samples were
ecorded in the range 400–4000 cm−1 at room temperature. X-
ay diffraction patterns were collected with a Rigaku D/max
400 powder diffractometer using a Cu K� radiation. The
hermogravimetric analysis (TGA) was performed on a Perkin-
lmer TGA (Delta Series TGA 7) instrument at a heating rate of
0 K min−1 in air. The differential scanning calorimetry (DSC)
easurements were performed on the dried samples, in the range

f temperature between 323 and 823 K using a Perkin-Elmer
SC-7 instrument. Scanning electron microscope (FEI, Model:
uanta 200) was used to observe the microstructures of the dried
embranes.

.3. Water uptake

The water uptake of the composite membrane was determined
y measuring the change in the weight after the hydration. The

embrane was first immersed in deionized water for 2 h. Then

he membrane was weighed quickly after removing the surface
ttached water to determine the weight of wetted membrane
Wwet). The weight of the dry membrane (Wdry) was determined
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r
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fter drying. The percentage of water uptake was calculated by
sing the following equation:

ater uptake (%) = Wwet − Wdry

Wdry
× 100.

.4. Swelling

The surface swelling characteristics were determined by mea-
uring the change of the membrane geometrical area upon
quilibrating the membranes in water at room temperature for
h. The swelling ratio was calculated by the following equation:

welling (%) = Awet − Adry

Adry
× 100

here, Adry and Awet are the area of dry and wet samples, respec-
ively.

.5. Ion-exchange capacity (IEC)

The ion exchange capacity of the membranes was determined
hrough an acid–base titration. The dry composite membrane
as immersed in 50 ml of 1 M sodium chloride aqueous solution

or 24 h in order to extract all protons from the membrane. After
aking out the membrane, electrolyte solution was titrated with
mM sodium hydroxide solution using phenolphthalein as an

ndicator. The ion exchange capacity (IEC) was calculated using
he following equation:

EC = V × M

Wdry

here IEC is the ion exchange capacity (mequiv. g−1), V the
dded titrant volume at the equivalent point (ml), M the molar
oncentration of the titrant and Wdry is the dry mass of the sample
g).

.6. Proton conductivity

Proton conductivity was measured by an ac impedance tech-
ique (Autolab, PGSTAT 30) using two probe method, where
he ac frequency was scanned from 1 MHz to 10 Hz at voltage
mplitude of 5 mV. The proton conductivity (σ) of the samples
n the longitudinal direction was calculated from the impedance
ata, using the relationship σ = d/Rtl, where d is the distance
etween the electrodes, t and l are the thickness and width of
he films, respectively, and R was derived from the low inter-
ect of the high frequency semi-circle on a complex impedance
lane with the Re(Z) axis, where Re refers to ‘Real’ in the
omplex impedance plane. Prior to the proton conductivity mea-
urements, membranes were immersed in deionised water for
4 h to attain hydration equilibrium. Fully hydrated membranes
ere sandwiched in a Teflon® conductivity cell equipped with

t foil contacts and the impedance was measured by placing the
ell in a temperature-controlled chamber under a temperature
ange of 303–373 K. Constant humidity was maintained at 60%
H by using saturated sodium nitrite and it was sensed by a
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ygrometer which was calibrated prior to the experiments. The
xperiments were repeated three times to check the reproducibil-
ty. The variation in the results was found to be less than 2%.

.7. Methanol crossover

Cyclic voltammetric technique was used to estimate the
mount of crossed over methanol. For the experiment, a two-
ompartment glass cell with the membrane separating the two
ompartments was used. Prior to the measurements, membranes
ere immersed in deionised water for 24 h to attain hydra-

ion equilibrium. Platinum foil with a geometric surface area
f 2 cm2 and smooth platinum electrode were used as working
nd counter electrode, and Ag/AgCl (saturated KCl) electrode
s the reference. The working electrode was immersed in one
ompartment considered as cathode and counter and reference
lectrode was immersed in the second compartment considered
s anode. The cell was connected to BAS Epsilon potentiostat.

blank electrolyte of 50 ml of 0.5 M H2SO4 was first taken in
ither compartment of the cell and CV scanning was performed
rior to the permeability test. The permeability was studied by
ntroducing methanol of known concentration in 0.5 M H2SO4
o one compartment of the cell and analyzing the other compart-

ent for its permeability. The permeability test was performed at
oom temperature for 1 M initial methanol concentration at the

node compartment and cyclic voltammograms was recorded
etween 0.2 and 1 V and from the response the concentration of
ethanol in the cathode side was determined. The concentra-

ion of crossed methanol was determined from the calibration

i
o
a
i

Fig. 1. FT-IR spectra of composite m
ne Science 292 (2007) 98–105

urve which was obtained as described by Ling and Savadogo
32]. The experiments were repeated three times to check the
eproducibility. The variation in the results was found to be less
han 2%.

. Results and discussion

.1. FT-IR spectroscopy

The FT-IR spectra obtained for the membrane are given in
ig. 1. The spectrum of a typical membrane reveals the char-
cteristic bands of PVA, �-ZrP and salt of SWA. The FT-IR
pectrum of hybrid membranes showed bands at 970, 917, 850
nd 790 cm−1, which agree with those reported in literature
33,34] for this silicotungstic acid. The bands around 3275 and
940 cm−1 represent O–H stretching and −CH2 stretching; the
and around 1440 cm−1 is for −CH3 bending, all these bands are
haracteristics of PVA. The bands around 506 and 1080 cm−1

re due to Zr–O and P–O4 asymmetric stretching which are char-
cteristics of ZrP [35]. The positions of vibration modes of all
ypes of M–O bonds are strongly influenced by interaction of
ilicotungstic with the polymer and zirconium phosphate. The
and of W–Ob–W (Ob: bridged oxygen and Ot: terminal oxygen)
as a blue shift from 758 to around 790 cm−1 and W–Ot bond of
WA in the composite is red shifted from 972 to 918 cm−1. This
s due to the columbic interaction between the hydroxyl groups
f the polyvinyl alcohol and silicotungstic acid. The main bands
re assigned and tabulated separately for composite membranes
n Table 1.

embranes and its components.
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Table 1
Assignments of main absorption bands for composite membranes and its components

Composite membranes �-ZrP SWA PVA

Vibration
frequency (cm−1)

Bond
assignment

Vibration
frequency (cm−1)

Bond
assignment

Vibration
frequency (cm−1)

Bond
assignment

Vibration
frequency (cm−1)

Bond
assignment

506 νas(Zr–O) 504 νas(Zr–O) 758 ν(W–Ob–W) 1420 ν(CH3)
600 δout(POH) 594 δout(POH) 906 ν(Si–O) 2900 ν(CH2)
790 ν(W–Ob–W) 1021 νas(PO4) 972 νas(W–Ot) 3260 ν(OH)
917 W–Ot 1624 δas(OH)
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oxides. The DSC thermograms of the composite membranes are
970 νas(W Ot) 2117 ν(POH)
080 νas(PO4) 2359 ν(POH)
440 ν(CH3) 3365 νas(OH)

.2. XRD

Fig. 2 shows the XRD profiles obtained for composite mem-
ranes. X-ray investigation was made to provide information
bout the structural changes induced by the presence �-ZrP and
WA. For comparison the XRD patterns for PVA and �-ZrP are
lso given. The peak occurring at 2θ = 20◦ corresponds to the
1 0 1) plane of PVA in all composite membranes [36]. Broad
eaks of the �-ZrP powder indicate that �-ZrP is in the amor-
hous state. No diffraction peaks characteristic of SWA appears
n the spectra containing 10, 20 and 30% of SWA. This is a
onsequence of finely dispersed SWA in the polymer matrix
nd the composite behaves as X-ray amorphous. Broad peaks
lso indicate the conformation of complete homogeneity and
ompatibility among the components of the membrane.

.3. Thermal analysis

The TGA obtained for the membranes are shown in Fig. 3.
hree degradation stages are seen. The first weight loss occurs

round 373 K, due to loss of absorbed water molecules. The
econd weight loss in the temperature region 460–573 K is due
o decomposition of polyvinyl alcohol. The third weight loss is
ue to decomposition of silicotungstic acid to respective metal

ig. 2. Cu K� XRD patterns of composite membranes and its components for
omparison.

p
i
a

F
s

ig. 3. TGA analysis of composite membranes in a temperature range from 50
o 800 ◦C.
resented in Fig. 4. PVA is partially crystalline polymer exhibit-
ng both the glass transition temperature, Tg (characteristic of
morphous phase) and melting isotherm, Tm (characteristic of

ig. 4. DSC thermograms of composite membranes with different contents of
ilicotungstic acid.
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corresponding data for Nafion® 115 measured at 100% relative
humidity is included in Fig. 6.

In the fabricated membrane, ZrP and SWA are the active
proton conducting moieties. The proton conductivity of the com-

Table 2
Water uptake, swelling and IEC values for different composite membranes with
a 250 �m thickness

Membrane Water Swelling IEC
−1
Fig. 5. Scanning electron mic

rystalline phase). For pure PVA the glass transition temperature
s around 363 K and melting temperature is around 489 K [37].
g of composite membranes are observed around 398 K which

s much higher than that of pure PVA. The increased Tg due to
he presence of �-ZrP indicates the increase in thermal stabil-
ty of the composite membranes. The reason for the increase
n thermal stability of composite membranes probably is due to
he formation of hydrogen bonds or the condensation reaction
etween the residual –OH on the �-ZrP and the –OH on PVA.
ith increasing SWA content Tg of the composite membranes

ecreases. It can be attributed to softening of the complexation
ue to the plasticizing effect of SWA on the polymer structure,
hich is beneficial for the proton transport in the membrane.
he second endothermic peak corresponds to the melting of the
rystalline phases of composite membranes. For pure PVA the
ndothermic peak at 493 K is associated with the melting point
f the polymer [37]. The melting temperature, Tm, was taken
s the maximum of the transition, whereas the heat of fusion,
f, which increases with the crystallinity of the polymer, was

alculated as the integrated area of the transition peak. The melt-
ng point is reduced to 483, 464 and 462 K for 10%, 20% and
0% SWA containing composite membranes respectively; the
eat of fusion, Hf, is around 109, 73 and 45 J g−1 respectively.
he interaction between the polymer and inorganic compo-
ents breaks the preformed crystals to render the polymer in
he amorphous phase to some extent, which favors the improve-

ent of conductivity. The broad endothermic peak until around
50 ◦C can also be attributed to the dehydration of crystalline
ater.

.4. SEM

Surface morphology of the dried membrane was investigated
sing SEM. Fig. 5 shows the scanning electron micrographs of
0, 20 and 30 wt% SWA acid substituted composite membranes.
he distribution of inorganic particles is relatively uniform in

he organic matrix. Membranes are compact with low degree

f porosity. In the case membranes with 30 wt% of SWA, no
hase separation was observed, suggesting that the synthesized
lms were homogeneous in nature and hence formed dense
embrane.

P
P
P

hs of composite membranes.

.5. Water uptake, swelling and IEC

The presence of water in the membrane greatly influences
he basic properties of the membrane. The water uptake and
on exchange capacity (IEC) play important roles in membrane
onductivity. Proton conductivity of the membrane will increase
ith increasing water uptake and IEC because of the increase in

he mobility of ions. The data on water uptake, extent of swelling
nd IEC data for the membranes are given in Table 2. At room
emperature the water absorption, extent of swelling and IEC
ncreases with increase in the content of SWA for membranes
f 250 �m thickness.

.6. Proton conductivity

The temperature dependence of the conductivity of the mem-
rane for different wt% of SWA is shown in Fig. 6. At 60% of
elative humidity, the protonic conductivity of the composite
embranes was in the range of 10−3 S cm−1. The proton con-

uctivity increased with increasing SWA content. This trend was
he same as that observed for water uptake and IEC. Conductivity
ncreased with temperature and it attains maximum at 333 K and
emains constant up to 353 K. For the composite membrane con-
aining 30% SWA exhibited conductivity value of 10−2 S cm−1

n the temperature range of 333–353 K. After 353 K conduc-
ivity drops due to the evaporation of adsorbed water. Though
here is a decrease in conductivity at temperature above 353 K
he order of magnitude remains the same. For comparison, the
uptake (%) (%) (mequiv. g )

VA–ZrP–SWA (10%) 204 90 0.902
VA–ZrP–SWA (20%) 388 170 0.958
VA–ZrP–SWA (30%) 482 230 1.07
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Table 3
Proton conductivity (σ) and activation energy (Ea) for composite membranes and its components

Proton conductor Proton conductivity (S cm−1) Conditions Activation energy (kJ mol−1) Reference

�-Zr(HPO4)2·H2O 10−5 to 10−6 293 K, 90% RH 48.2 [38]
H4SiW12O40·nH2O 10−2 298 K, 97% RH 38.5 [39]
Polyvinyl alcohol 10−6 312 K – [40]
P −3 RH 6 Obtained from our measurements
P RH 4.8
P RH 3
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VA–ZrP–SWA (10%) 3 × 10 333 K, 60%
VA–ZrP–SWA (20%) 4 × 10−3 333 K, 60%
VA–ZrP–SWA (30%) 1 × 10−2 333 K, 60%

onents of the composite membrane is tabulated and compared
o the fabricated membranes (Table 3). All the three components
ontribute to proton conductivity. In the fabricated composite
embranes by combining both organic component PVA and

norganic components ZrP and SWA, the conductivity of the
ystem improved. The activation energy (Ea) for conduction in
he fabricated membranes is also affected by forming compos-
te. The Ea, decreased compared to its components (Table 3).
or membranes containing 10, 20 and 30 wt% of SWA the Ea
alues are 6, 4.8 and 3 kJ mol−1, respectively. This trend is due
o the increase in water content with increase in SWA.

.7. Methanol crossover

Concentration of crossed over methanol with time was plot-
ed for all composite membranes and it is compared with that
f Nafion® 115 in Fig. 7. Initially for all composite membranes,
he concentration of crossed over methanol increased with time
nd after 90 min it reached a steady value. There is no apprecia-
le increase in crossover up to 180 min. In the case of Nafion®

15, the concentration of crossed over methanol increased lin-
arly with time. Compared to Nafion® 115, methanol crossover
as reduced by a factor of 2 for 10 wt% SWA composite

embrane. As SWA percentage increased crossover decreased

remendously. In the case of 30 wt% SWA substituted composite
embrane methanol crossover was a magnitude less that that

f Nafion® 115. Reduced crossover in composite membranes

ig. 6. Proton conductivity at 60% RH as a function of temperature for
VA–ZrP–SWA (10%), PVA–ZrP–SWA (20%), PVA–ZrP–SWA (30%) and
afion® 115 (at 100% RH).

m
t
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F
1

ig. 7. Concentration of crossed methanol as a function of crossover time.

s due to the hydrophilic nature of the fabricated membrane
hich is capable of retaining methanol. Where as, in the case
f Nafion® 115 the hydrophobic nature of the polymer allows
ethanol crossover to a greater extent. As shown in Fig. 8 the
ethanol permeability for all membranes was less compared to

hat of Nafion® 115. Compared to Nafion® 115, PVA–ZrP–SWA
omposite membranes show strong resistance to methanol per-
eability at the expense of proton conductivity. This clearly
ndicates that methanol crossover can significantly be reduced
sing PVA–ZrP–SWA composite membrane in DMFC.

ig. 8. Methanol permeability of composite membranes compared with Nafion®

15.
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. Conclusion

Composite membranes with polyvinyl alcohol as organic
atrix and zirconium phosphate and silicotungstic acid as inor-

anic components were prepared by a simple method. Fabricated
embrane was characterized regarding water uptake, swelling,

EC, proton conductivity and for methanol crossover. Water
ptake, IEC and proton conductivity increased with silico-
ungstic acid content. These composite membranes exhibited
educed methanol crossover compared to Nafion® 115. Though
hey exhibit little lower proton conductivity it appears as promis-
ng materials due to its reduced methanol crossover.
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