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Abstract This study was focused on the performances of
membrane electrode assemblies (MEAs) consisting of the
proton–conducting 90PVA/3PWA/4GPTMS/1P2O5/2Gl and
80PVA/10PWA/6GPTMS/2P2O5/2Gl hybrid membranes as
electrolytes together with a Pt/C electrode for proton ex-
change membrane fuel cells. The MEAs were fabricated and
tested as a function of temperature and humidity, and
yielded a current density value of about 350 mA cm−2 at
60 °C and 100% relative humidity (RH) for the membrane
electrolyte 80PVA/10PWA/6GPTMS/2P2O5/2Gl. These val-
ues were compared with Nafion® membranes, and the
single-cell performances based on proton-conducting organ-
ic/inorganic hybrid electrolytes were discussed. The test
conditions employed were equivalent for each MEA that
had an active area of 5 cm2. These hybrid membranes
showed a high proton conductivity in the range of 10−3–
10−2 S cm−1 at low temperatures, i.e., 60, 80, and 90 °C, and
50%, 75%, and 100% RH.
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Introduction

The proton exchange membrane fuel cell (PEMFC) is an
attractive power source for a variety of applications [1] due
to its high efficiency and environmental-friendly character-
istics. There are a number of potential advantages of fuel
cell systems compared to other energy conversion or storage
devices. Since the efficiency of fuel cells is much higher
than that of internal combustion engines, fuel cells are of
interest for automobile, stationary, and portable applica-
tions. The low operating temperature of PEMFCs allows
for a fast start-up at low temperatures and a quick response
to power demands. The PEM fuel cell technology has ad-
vanced significantly in the last 20 years. In general, proton
exchange membranes need the following properties: (1) be
able to be easily synthesized from low-cost starting materi-
als, (2) a high protonic conductivity (at least 0.01 S cm−1 or
greater than 0.1 S cm−1) [2], (3) a minimized permeation to
reactant gases (H2 and O2), and (4) high chemical, thermal,
and mechanical stabilities.

Proton conductivity is one of the membrane requirements
for PEMFC applications, especially at low operating tem-
perature. A majority of commercially available fuel cell
systems today use Nafion®, produced by DuPont®. Nafion®
is a perfluorinated sulfonic acid polymer. Nafion® has long
been known to produce high power densities at low-
temperature operation (<100 °C). In recent years, there has
been an intensive effort to develop a low-cost membrane to
replace Nafion® and significant progress has been made
[3–6].

In recent years, organic–inorganic hybrid membranes
have attracted considerable attention due to their extraordi-
nary properties with improved physical, mechanical, and
thermal properties as compared with pure polymeric mem-
branes or inorganic membranes [7, 8]. Peng et al. [9, 10]
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attempted to introduce γ-glycidyloxypropyltrimethoxysilane
(GPTMS) into a matrix of either chitosan or polyvinyl alcohol
(PVA). GPTMS is an organofunctional alkoxysilane mono-
mer that can undergo both sol–gel polymerization with regard
to methoxysilane groups and curing of the epoxy functionality
to form a hybrid network with covalent bonds between the
organic and inorganic phases.

Recently, a new class of hybrid membranes has been
reported. It consists of SiO2/polymer (poly(ethylene ox-
ide), poly(propylene oxide), poly(tetramethylene oxide)
(PTMO)) with a urethane-linking structure obtained through
sol–gel reactions when doped with acidic moieties such as
monododecylphosphate or 12-phosphotungstic acid (PWA)
[11, 12]. Several researchers have carried out systematic
investigations on the pervaporative dehydration of EG aque-
ous solutions. In most cases, polymeric materials including
PVA [13], chitosan [14], sulfonated polyethylene [15],
polyvinylpyridine-N-oxide [16], and sulfonated poly(ether
ether ketone) [17] were used. Our group has also presented
results on the development of a novel proton-conducting
membrane, which consists of heteropoly acids (PWA and
silicotungstic acid (SiWA)), polymers (PVA and PTMO),
and aqueous acid, as well as on a PEMFC based on this
membrane [18].

Presently, it has become necessary to find less expensive
alternative proton exchange membranes in order to construct
a class of membrane electrode assemblies (MEAs) operating
at low temperatures. With the aim of developing a low-cost,
low-temperature fuel cell, we thus synthesized and charac-
terized a new class of composite proton exchange mem-
branes. These were based on a proton-conducting hybrid
membrane in which the electrolyte contained polymer, het-
eropoly acid, and ionic liquid. The membranes were then
investigated with respect to proton conductivity and current
density in a fuel cell test station.

Experimental section

Hybrid membranes were prepared through a sol–gel process
using PVA, PWA, 3-glycidyloxypropyltrimethoxysilane,
glutaraldehyde, and trimethylphosphate. PVAwas dissolved
in distilled water at 90 °C for 4 h. Different quantities of
PVA (80 and 90 wt.%), PWA (3 and 10 wt.%), and GPTMS
(4 and 6 wt.%) were mixed and this was followed by cross-
linking with glutaraldehyde. This mixture was then stirred
for 12 h at room temperature. The thus obtained matrix was
doped with 12-phosphotungstic acid to provide the resultant
hybrid membrane with a proton-conducting character. The
solution was then cast on Petri dishes and, after drying, the
films were heated at 120 °C for 6 h to form free-standing,
transparent, and flexible membranes.

A catalyst ink was prepared by a conventional method at
room temperature. A mixture of 0.2 g platinum nominally
40% on carbon black (Alfa Aesar), 6 g of isopropanol, and
1.7 g of 5 wt.% Nafion® solution was constituted in an ink
slurry that was stirred in an ultrasonic bath overnight to
break up the catalyst powder and obtain a homogenous
ink. Catalyzed membranes were prepared by painting this
catalyst ink on both sides of the membrane with an airbrush.
During the painting, the membrane was kept near a lamp to
dry the ink between applications. The Pt loading on each
electrode was measured by the difference in weight before
and after painting and was kept in the range 0.50±
0.05 mg cm−2 on both sides. Before weighing the mem-
branes, they were kept at room temperature.

The preparation of MEAs was followed by the thin-film
technique [19]. MEAs with an active area of 5 cm2 were
prepared by incorporating two gas diffusion layers (GDL
Sigracet GDL 10BB, 420 μm, SGL Carbon Group) on both
sides of the catalyzed membrane. The pinch, defined as the
difference between the thickness of the MEA and the gas-
kets, was 40 μm. The performance of the MEAs was eval-
uated after conditioning at 0.5 V, 60 °C, and 75% relative
humidity (RH) within 24 h to reach steady-state conditions.
OCV was applied in the frequency range 10 kHz–0.1 Hz
(potentiostatic mode). A constant gas pressure was given as
an absolute pressure throughout the measurement. Cell
temperatures of the fuel cell, gas pipes, gas flow rates,
humidification of the gases, and gas pressure were con-
trolled by the fuel cell test stations. The evaluation of
fuel cell performances at varying temperatures and humid-
ities of the gases was made by using a Compact Fuel Cell Test
System model 850e (Scribner Associates, Inc.) controlled
with a Fuel Cell® 3.9c software. The polarization curves
were recorded at atmospheric pressure using humidified
oxygen (0.2 Lmin−1) and hydrogen (0.2 Lmin−1) at temper-
atures ranging from 60 to 100 °C. Pure oxygen and hydrogen
gases were used; the gases' flow was humidified to 100%
relative humidity.

The AC impedance spectra were recorded in H2/O2 (us-
ing a Princeton Applied Research potentiostat/galvanostat
model 273A and a frequency response detector 1025). An
AC signal with a 15-mV amplitude was superimposed to a
DC signal of 0 V. The conductivity was calculated from the
impedance data with the relation r0d / RS, where d and S are
the thickness and area of the membrane, respectively, and R
was derived from the low intersection of the high-frequency
semicircle on a complex impedance plane with the Re (z)-
axis. The thickness of each membrane was measured at
room temperature before equilibrating the samples for the
conductivity measurements. The proton conductivity (σ) is
one of the most important properties for proton-conducting
membranes used in fuel cells. Conductivity measurements
were based on a two-electrode configuration along the long
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axis of membrane samples that were cut into strips of
approximately 0.5 cm wide and 3 cm long. The conductivity
was measured while the sample was in the equilibration
chamber using AC impedance between 1 Hz and 10 kHz.
The measurements were performed with a Solartron 1260
frequency response analyzer with an interconnected Solar-
tron 1287 potentiostat. The resistance value associated
with the membrane conductance was determined from
the high-frequency intercept of the impedance with the
real axis. Following the conductivity measurements, the
samples were removed from the equilibrium bottle and
weighed quickly, then dried at 100 °C under vacuum, and
weighed again. The water content of the membrane samples
was calculated from the weight loss on drying the sample,
normalized to the dry weight.

Results and discussion

The proton conductivity measurements were performed on
hybrid membranes with different concentrations of PVA,
PWA, and GPTMS in the composites. The values of the
proton conductivity as a function of the relative humidity
(50%, 75%, and 100% RH) at 60, 80, and 90 °C are reported
in Fig. 1. The conductivity of the samples increased with an
increasing humidity level as well as with their content of
PWA and GPTMS. The 80PVA/10PWA/6GPTMS/2P2O5/
2Gl hybrid composite, with 10% PWA, demonstrated the
highest conductivity of 4.2 × 10−3 at 90 °C and 100% RH.
At 60 °C (Fig. 7b), the fuel cell with the 10% PWA com-
posite membrane showed the best performance. Overall, the
performance of the fuel cells with the different membranes
followed the trend found in the conductivity data. Figure 2
presents the cell temperature versus the conductivity of the
two hybrid composite membranes. The temperature varied
from 60 to 90 °C, and the relative humidity was either 50%,
75%, or 100%. The humidity was controlled using the
humidity control of the test station (Scribner 850c). The
gas (air, oxygen, and/or hydrogen) was bubbled in a bottle
through a humidifier containing water at a controlled tem-
perature. The gas became saturated at a temperature that was
different from the fuel cell operating temperature. The rela-
tive humidity of the gas that entered the fuel cell corre-
sponded to the ratio of the water vapor pressure at the
humidifier temperature/water vapor pressure at the fuel cell
temperature. As can be seen, the proton conductivity values
remained high for fuel cells operating at low temperatures
(high relative humidity).

The conductivity values under the varying temperature
and humidity conditions were compared with a standard
membrane Nafion® as well as with similar studies based
on heteropoly acids. Staiti et al. [20] successfully prepared
composite polybenzimidazole (PBI) membranes with silica

supported by PWA and SiWA. The reported conductivity at
the operating condition was, however, low, i.e., around 1.5×
10−3 S cm−1 at 150 °C for PWA/SiO2/PBI and 2.23×1 0

−3 S
cm−1 at 160 °C for SiWA/SiO2/PBI. He et al. [21] presented
a conductivity of 0.058 S cm−1 for 30% PWA/PBI doped
with phosphoric acid.

PWA is a heteropoly acid with high proton conductivity.
The basic structural unit of the PWA is the Keggin anion
(PW12O40)3, which consists of the central PO4 tetrahedron
surrounded by four W3O13 sets linked together through
oxygen atoms. Each W3O13 set is formed by three edge-
sharing WO6 octahedra. They form channels that can con-
tain up to 29 water molecules in different hydrate phases.
This variety leads to different protonic species and hydrogen
bonds of varying strengths [22, 23], resulting in a high
proton conductivity at room temperature. Hydrated PWA
has been known to present values around 0.18 S cm−1 [24].

These hybrid membranes were then employed as electro-
lytes in MEAs for which the single-cell performances were
determined during operation at 60, 80, and 90 °C, and the
obtained results are presented in the following section. The
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Fig. 1 The proton conductivity of the composite membrane electro-
lytes: a 90PVA/3PWA/4GPTMS/1P2O5/2Gl and b 80PVA/10PWA/
6GPTMS/2P2O5/2Gl measured at various temperatures (a) 60, (b) 80,
and (c) 90 °C with 75% and 100% RH
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single-cell performances were evaluated with pure hydrogen
and oxygen in unhumidified air as the fuel and oxidant
under atmospheric pressure. The single cells were operated
at various temperature and humidity conditions for different
structures of MEAs. The polarization curves (Fig. 3) show
the relationship between the cell voltage and current density
of the single cell for an MEA investigated at 60 °C under
various conditions of relative humidity (75% and 100%
RH). Figure 3a shows that the cell voltage was 0.95 V and
the current density values of 65 and 100 mA cm−2 for MEAs
consisting of the 90PVA/3PWA/4GPTMS/1P2O5/2Gl elec-
trolyte. Figure 3b displays current density values of 250 and
320 mA cm−2 for the MEA consisting of the 80PVA/
10PWA/6GPTMS/2P2O5/2Gl electrolyte membrane. As
can be seen in Fig. 3b, the cell voltage was 1 V. According
to this result, the MEA with the higher amount of PWA
(10%) in the membrane electrolyte demonstrated the higher
current density at otherwise equivalent operating conditions.

Figure 4 shows results for the relationship between cell
voltage and current density, when the temperature of the cell
was maintained at 80 °C throughout the measurement and
the humidification was either 75% or 100% RH. The two
MEAs presented differing results at the operating temperature

of 80 °C: the current density was 65 and 100 mA cm−2

for the 90PVA/3PWA/4GPTMS/1P2O5/2Gl MEA
(Fig. 4a), whereas higher current density values, i.e.,
200–250 mA cm−2, were obtained for the MEA comprising
the 80PVA/10PWA/6GPTMS/2P2O5/2Gl membrane
(Fig. 4b). From these results, it was confirmed that the cell
performances depended on the chemical composition of PWA
and GPTMS in the membrane composite.

Figure 5 shows the single-cell performances at 90 °C
with a humidification of either 75% or 100% RH. The
results were higher for the MEA with the higher amount of
PWA (10 wt.%). In this case, the cell performances did not
increase as a function of temperature. In total, the cell
performances depended on the quality of the high proton-
conducting membrane in the MEA. The curves displayed
current density values of 40 and 100 mA cm−2 as well as
150–250 mA cm−2 obtained for the two MEAs. Since these
results had been obtained at low temperatures, the cell was
determined to show a good stability during the electrochem-
ical measurements, with a cell voltage of about 0.95 and 1 V.
When comparing Figs. 3a, 4a, and 5a, it can be seen that the
performances of the three MEAs were not significantly
different in the low current density region. Similarly,
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Fig. 2 The proton conductivity of the composite membrane electro-
lytes: a 90PVA/3PWA/4GPTMS/1P2O5/2Gl and b 80PVA/10PWA/
6GPTMS/2P2O5/2Gl measured at various humidity conditions (a)
50%, (b) 75%, and (c) 100% RH at 60, 80 and 90 °C
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Fig. 3 The I–V curves of the single cell incorporating Pt/C electrodes
with the a 90PVA/3PWA/4GPTMS/1P2O5/2Gl and b 80PVA/10PWA/
6GPTMS/2P2O5/2Gl hybrid composite membrane electrolytes. The
temperature of the cell was maintained at 60 °C throughout the mea-
surement and the humidification was either 75% or 100% RH
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Fig. 3a, b showed the highest performances in the high
current regions. It was, thus, suggested that the perform-
ances of the novel MEAs were improved due to the chem-
ical composition in the composite electrolyte.

The single fuel cell was assembled with the Pt/C elec-
trode and proton composite membrane electrolyte so as to
perform a study at the various temperatures. The
corresponding polarization curves are presented in Figs. 6,
7, and 8. The MEAs of this fuel cell contained a Pt/C
loading of 0.5 mg cm−2. The single-cell performances of
the MEAs consisting of either the 90PVA/3PWA/4GPTMS/
1P2O5/2Gl or 80PVA/10PWA/6GPTMS/2P2O5/2Gl electro-
lytes together with the Pt/C electrode were obtained during
operation at various temperatures with three conditions of
relative humidity. In Fig. 6, the MEA with the 90PVA/
3PWA/4GPTMS/1P2O5/2Gl electrolyte presented current
density results of 30, 40, and 65 mA cm−2 at 75% RH, when
operated at temperatures of 60, 80, and 90 °C. The current
density values thus increased as the temperature was raised.
Figure 6b displayed the current density results for the sec-
ond electrolyte, and they were found to be 150, 200, and

250 mA cm−2 obtained under identical operating conditions.
These results confirmed that the current density values in-
creased for higher cell temperatures and, also, that the MEA
comprising the composite electrolyte containing the higher
content of PWA showed superior results.

Figure 7 illustrates the performance of the cell utilizing a
proton membrane electrolyte, with cell temperatures of 60–
90 °C and the anode and cathode side humidified to 100%
RH. These results followed a similar trend to those above: a
current density value of 100 mA cm−2 was obtained for the
various temperatures, but no improvement was found when
the temperature was increased from 60 to 90 °C (Fig. 7a).
However, the results seen in Fig. 7b were higher compared
with those from Fig. 7a. The maximum current density was
320 mA cm−2 at 60 °C and 100% RH using the MEA
comprising the 80PVA/10PWA/6GPTMS/2P2O5/2Gl elec-
trolyte. At 60 °C (Fig. 7b), the fuel cell with the 10 wt.%
PWA composite membrane showed the best performance.

From the two sets of MEA results, the best MEA per-
formances in each category (variation of temperature and
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Fig. 4 The I–V curves of the single cell incorporating Pt/C electrodes
with the a 90PVA/3PWA/4GPTMS/1P2O5/2Gl and b 80PVA/10PWA/
6GPTMS/2P2O5/2Gl hybrid composite membrane electrolytes. The
temperature of the cell was maintained at 80 °C throughout the mea-
surement and the humidification was either 75% or 100% RH
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Fig. 5 The I–V curves of the single cell incorporating Pt/C electrodes
with the a 90PVA/3PWA/4GPTMS/1P2O5/2Gl and b 80PVA/10PWA/
6GPTMS/2P2O5/2Gl hybrid composite membrane electrolytes. The
temperature of the cell was maintained at 90 °C throughout the mea-
surement and the humidification was either 75% or 100% RH
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humidity) were compared with regard to the polarization
curves (Fig. 8). Figure 8a, b displays plots of the main effect
at various current densities. Based on the chemical compo-
sition factor, the cell performances clearly showed a varia-
tion in the current density for MEA1 (Fig. 8a) and MEA2
(Fig. 8b). Overall, the experiment concluded that the single-
cell performances were affected by two factors: the chemical
composition and the environmental condition, including the
temperature and humidity. The performance of MEAs in
Figs. 3b and 7b was similar, displaying a current density
up to 320 mA cm−2. The overall observation was that the
single-cell performances depended more on the character-
istics of the proton membrane than on the operating temper-
ature. The curve fitting of the polarization curves revealed
no difference with regard to the exchange current or the
Tafel slope within the experimental error. The polarization
curves confirmed that the novel MEAs promoted ohmic,
activation, and mass transport of the PEMFC. Moreover,
the electrochemical analysis indicated that the concentration
of the PWA in the composite membrane was responsible for

the performance at the studied operating temperatures and
relative humidities.

The performances were compared with a standard Nafion
115 membrane under similar experimental conditions. The
open circuit potential of the hybrid membrane was about
900 mV and, thus, approximately 50 mV lower than that of
Nafion 115. A similar observation was also made for some
of the newly synthesized hybrid membranes [25, 26]. In a
following step, a comparison was made with similar hybrid
membranes. For this, the I–V data, from [27] corresponding
to a PWA-doped poly(tetramethylene oxide)-based hybrid
membrane (PTMO/PWA) at 80 °C, were used. Staiti and
Minutoli [28] tested the electrolyte in a PEMFC and
achieved a power density of around 700 mW cm−2 at atmo-
spheric pressure and room temperature.

According to Fig. 9, the proton conductivity of the hybrid
electrolyte membranes was found to depend on the water
content in the membrane. In particular, the hybrid mem-
brane with 10 wt.% PWA showed a higher performance
than its counterpart with less PWA. This result indicated
that the rate of proton conduction through the hybrid mem-
brane containing 10 wt.% PWA exceeded that with 3 wt.%
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PWA. Thus, the water content in the hybrid membrane with
10 wt.% PWA seemed to be higher. It was due to higher
water uptake, a significant conductivity contribution of
PWA. Consequently, the heteropoly acids embedded in the
membrane played an important role in maintaining the hu-
midity in the PEMFC.

Moreover, the calculated water weight percentage of the
MEA under humid conditions could be increased by increas-
ing the humidity level. At a high level of humidity, the
membrane demonstrated a high conductivity and good cell
performances. In future experiments, the same proton-
conducting membranes will be put through long-term cell
measurements under otherwise similar conditions in order to
calculate the cell lifetime operation at low temperatures. Fur-
ther, in order to reduce the cost of fuel cell materials, MEAs
with non-platinum catalysts will be investigated. The perfor-
mance of the PEMFC was directly affected by the proton
conductivity, which is highly dependent on the water content
in the membrane [29]. At low humidity conditions, the per-
formance of the PEMFC was more sensitive to the amount of
water molecules in the membrane. Generally, the performance
of the PEMFC is strongly dependent on the cell's operating
temperature. Without reliable methods of water management,
the MEA structure may start to dry out, resulting in a lower
ionic conductivity and a higher charge transfer resistance
across the electrode–electrolyte interface [30, 31].

Therefore, this study investigated the performance of a
PEMFC with respect to cell temperature and humidity. The
water content in the PEMFC can be varied by the production
of water from chemical reactions and external humidifica-
tion of gases entering the cathode and anode. Since the
amount of water production is directly associated with cur-
rent generation, the control of the external humidification
level is an effective way to manage the water content in the
PEMFC. The hydration of the membrane is a very important
determinant of the performance and durability of a PEMFC.
If not properly hydrated, the membrane exhibits higher ionic
resistance, and in extreme cases, it can be physically dam-
aged [32]. Membrane hydration is affected by the water
transport phenomena in the membrane itself, which in turn
are affected by the condition of the inlet gases and the
operating parameters of the fuel cell.

Summary

A highly conductive hybrid composite membrane was pre-
pared using PVA/PWA/GPTMS/P2O5/Gl, and the aim was
for it to be used in low-temperature PEMFCs. The compos-
ite membrane showed a decent conductivity that was similar
to that of a standard Nafion® membrane at low temper-
atures. At 90 °C, the conductivity of the 80PVA/10PWA/
6GPTMS/2P2O5/2Gl composite membrane was 4.2 × 10−3

at 90 °C and 100% RH. However, under the prevailing
experimental conditions, it was confirmed that these com-
posite membranes were suitable only for temperatures be-
low 100 °C. MEAs were fabricated using high proton-
conducting membranes, and single-cell tests were per-
formed at low temperatures. High current density values
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could be obtained. It was believed that these novel MEAs
will be beneficial for long-term PEMFC operation. Al-
though the performance of the MEAs using Pt/C electrodes
was not high enough, a maximum current density of
320 mA cm−2 was nevertheless obtained at 60 °C and 100%
RH. This result was reasonably good but not as high as that of
Nafion® membranes.
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