
Journal of The Electrochemical Society, 154 �2� B123-B132 �2007� B123
A Sol-Gel Modified Alternative Nafion-Silica Composite
Membrane for Polymer Electrolyte Fuel Cells
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Nafion-silica composite membranes are fabricated by embedding silica particles as inorganic fillers in perfluorosulfonic acid
ionomer by a novel water hydrolysis process. The process precludes the use of an added acid but exploits the acidic characteristic
of Nafion facilitating an in situ polymerization reaction through a sol-gel route. The use of Nafion as acid helps in forming
silica/siloxane polymer within the membrane. The inorganic filler materials have high affinity to water and assist proton transport
across the electrolyte membrane of the polymer electrolyte fuel cell �PEFC� even under low relative humidity �RH� conditions. In
the present study, composite membranes have been tested in hydrogen/oxygen PEFCs at varying RH between 100 and 18% at
elevated temperatures. Attenuated total reflectance-Fourier transform infrared spectroscopy and scanning electron microscopy
studies suggest an evenly distributed siloxane polymer with Si–OH and Si–O–Si network structures in the composite membrane.
At the operational cell voltage of 0.4 V, the PEFC with an optimized silica–Nafion composite membrane delivers a peak power
density value five times higher than that achievable with a PEFC with conventional Nafion-1135 membrane electrolyte while
operating at a RH of 18% at atmospheric pressures.
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The polymer electrolyte fuel cell �PEFC� is an attractive power
source for a variety of applications1 due to its high efficiency and
environment-friendly characteristics. The current PEFC technology
utilizes perfluorosulfonic acid �PFSA� polymer membranes, e.g.,
Nafion, as electrolyte and hence is limited to low-temperature appli-
cations. In order to realize the optimum PEFC performance, the
Nafion membrane needs to be fully wet as the proton conduction in
Nafion relies on the dissociation of protons from the constituent
SO3H groups in the presence of water.2 However, the performance
of PEFCs is enhanced at elevated temperatures by improved kinetics
of the cathode and anode reactions and the reduction in adsorption
of poisoned species such as CO.3-6 To this end, Nafion-composite
membranes suitably modified with ceramic/inorganic fillers, namely
SiO2, TiO2, ZrO2, etc., are widely used7-13 to facilitate proton con-
ductivity in the membranes at elevated temperatures even under low
relative humidity �RH� conditions.

Watanabe et al.14 have employed modified Nafion membrane
fabricated by incorporating nanosized particles of SiO2, TiO2, Pt,
Pt–SiO2, and Pt–TiO2 to alleviate the humidification requirements
of PEFCs. When operated under low humidification, PEFCs with an
alternative membrane reportedly exhibited lower ohmic drops in re-
lation to Nafion. In situ platinum particulates with sorption of the
water produced on the incorporated oxide fillers attribute such an
improvement accompanied with suppression of hydrogen crossover.
The benefits of these composite membranes appear to be in the
steady operation of PEFCs at about 130°C due to the higher rigidity
of the membranes in relation to commercial Nafion membranes,
while operating under fully wet conditions. Costamagna et al.2 have
also reported similar findings for their zirconium-phosphate-
incorporated Nafion-115 membranes. Adjemian et al.15 have studied
Nafion membranes modified separately with silica and zirconium
phosphate particles and have found the silica modified Nafion mem-
branes to be more robust with higher water retention and superior
performance.

Staiti et al.16 and Ramani et al.17 have investigated Nafion–silica
composite membranes doped with heteropoly acids, namely phos-
photungstic acid �PWA� and silicotungstic acid �SiWA�, for appli-
cation in a direct methanol fuel cell �DMFC� operating at 145°C.
This membrane shows better water retention and thermomechanical
properties in relation to commercial Nafion membranes. Aricò et
al.18 have reported attractive proton conductivity for their inorganic-
acid-doped composite membranes, namely Nafion–SiO2 and
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Nafion–PWA–SiO2, between 90 and 140°C. Adjemian et al.15 and
Jung et al.19 have modified Nafion-115 membrane by a sol-gel reac-
tion with tetraethoxysilane �TEOS� and have studied its utility both
in a PEFC and a DMFC. A nanocomposite, recast Nafion-hybrid
membrane containing titania as inorganic filler has been reported20

and it is found that induction of titania particles endows the com-
posite membrane with good mechanical and thermal resistance and
improves its water uptake and ion exchange capacity in relation to
commercial Nafion membranes.

In the literature, membranes with inorganic fillers have been fab-
ricated by a variety of techniques. Conventionally, water-absorbing
inorganic oxides are embedded into the pores of a porous polymer
matrix by several methods. One method includes impregnating in-
organic oxide particles as fine powders21-24 into the pores of a po-
rous polymer matrix. Another method includes the addition of a
precursor, generally as acidic metal alkoxides solution,19,25-27 into
the pores of a porous polymer matrix and then converting the pre-
cursor material into the desired proton-conducting oxide. Still an-
other method includes precipitating a mixture of the ion-conducting
oxide and a polymer matrix from solution and casting the precipitate
into a membrane. The impregnation of inorganic fillers also includes
converting a soluble precursor to a proton-conducting metal oxide
into an aqueous solution containing an emulsion or suspension of a
polymer and concomitantly precipitating the polymer and the metal
oxide. In most of the cases,11,13,15 the solid polymer electrolyte, such
as Nafion, is soaked in the inorganic metal alkoxide precursor or
alcoholic solution of one or more metal alkoxides till the desired
amount of the inorganic filler permeates through the pores of Nafion.
After soaking the surface, the membrane is copiously rinsed to wash
away surface metal alkoxide, which is followed by hydrolyzing the
metal alkoxide in the membrane with water.

Incorporating the inorganic fillers into the polymeric matrix by
the above process may not be homogeneous as, in such fillings, it is
possible that some portions of the matrix may contain little or no
oxide. It is also possible to find enriched concentrations of the filler
particles in the bottom part of the membrane due to the sedimenta-
tion effect of the heavier ceramic/inorganic fillers. As a result, the
solid fillers in the composite membranes are devoid of imparting
sufficient proton conductivity in the membrane under dry condi-
tions.

The present study obviates the aforesaid disadvantages. An in
situ sol-gel process is described wherein a homogeneous, transpar-
ent, and less viscous inorganic sol is first prepared by a controlled
hydrolysis/polymerization route, followed by a novel water hydroly-
sis to metal alkoxide without any external acidic or basic environ-
ment. Subsequently, the required amount of the sol is incorporated
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into the polymer matrix. The less viscous sol enters the fine pores of
PFSA and due to the acidic nature of the latter forms Si–OH net-
work in the pores, which on heating at 90°C under vacuum culmi-
nate as Si–O–Si linkages, forming a film of almost the same thick-
ness as Nafion-1135, namely 90 �m. As a result, a visibly
transparent polymer film is obtained without any particle/phase seg-
regation. The composite membrane exhibits appreciable proton con-
ductivity at elevated temperatures under low RH. Performance of
these composite membranes is evaluated in a PEFC at varying RH at
elevated temperatures. A peak power density of 340 mW/cm2 is
obtained with such a PEFC at 100°C and at atmospheric pressure. A
PEFC with Nafion-1135 membrane electrolyte failed to show any
sensible performance when operated under similar conditions.

Experimental

Nafion-1135 �DuPont� membrane is boiled with 30 vol % nitric
acid for 1 h to expel metal and organic impurities followed by co-
pious rinsing and washing with distilled water. The membrane is
then boiled in 5 vol % H2O2 for 30 min followed by rinsing and
washing in distilled water. Finally, the membrane is boiled in 1 M
H2SO4 for 1 h, followed by washing with distilled water. All
cleaned membranes are stored in deionized water for later use.

TEOS �98%, Acros Organics�, isopropyl alcohol �IPA� �99%,
Merck�, and deionized water �H2O� are used as the starting materi-
als. Silica sol of TEOS + IPA + H2O is obtained in a molar ratio of
1:4:4, respectively. The mixture is sonicated for 15 min to obtain a
visibly homogeneous and transparent colloidal suspension. The re-
quired amount of sol is then impregnated with 5% commercial
Nafion solution �DuPont� and the resultant admixture is sonicated
for another 15 min. The admixture is then transferred to a flat dish
followed by its overnight drying in vacuum oven at 90°C. The com-
posite membrane thus formed is detached by adding water. The
thickness of the finished membrane is around 90 �m. It has not been
possible to realize silica–Nafion composite membranes beyond 15
wt % silica by the above procedure. The presence and distribution of
silica particles in the finished membranes is ascertained with the
help of a Nexus-670 attenuated total reflectance �ATR�-Fourier
transform infrared spectrometer �FTIR� and a JEOL JSM 5400 scan-
ning electron microscope coupled with electron dispersive spectro-
scope analysis by X-ray �EDAX� facility.

Toray carbon papers �thickness = 0.27 mm� are used as backing
layers. To the backing layers, diffusion layers comprising
1.5 mg/cm2 of Vulcan XC-72R carbon slurry are applied by a brush-
ing method. In-house-prepared 40 wt % Pt catalysts supported onto
Vulcan XC-72R carbon28 is coated onto the diffusion layers in a
similar manner. The catalyst loading on both the anode and the
cathode �active area 25 cm2� is kept at 0.5 mg/cm2. Membrane elec-
trode assembly �MEA� is obtained by hot pressing under 15 kN at
125°C for 3 min. Finally, MEAs are coupled with Teflon gas-sealing
gaskets and placed in a single-cell test fixture. The performance
evaluation of the PEFCs with Nafion-1135 and silica–Nafion com-
posite membranes is studied at varying RH values between 100 and
18% in the temperature range 60–100°C. All the experiments are
carried out at atmospheric pressure.

The high humidity in the PEFC ��100% RH� is maintained by
passing humidified hydrogen and oxygen gases to its anode and
cathode sides, respectively, through a humidification bottle contain-
ing deionized water with its temperature maintained between 60 and
70°C. Hot and wet hydrogen and oxygen gases are fed to the anode
and cathode sides, respectively, at a flow rate of 1.5 L/min con-
trolled by a mass-flow controller.

The RH of the fuel cell depends on the mass of water vapor �D�,
saturated vapor pressure of water �Psat�, and moisture content
�mH2O�. In order to operate the PEFC at varying RH values, param-
eters like dew-point temperature �DPT�, gas temperature �GT�/gas-
supply temperature �GST�, and dew-point humidification tempera-
ture �DPH� are adjusted using an Arbin fuel cell test station �see
Table I�.
The mass of water vapor �D� in gram per liter retained in the
reactant gases could be obtained from the procedure given in the
Arbin-002 MITS Pro-FCTS 5.0-FCTS User Manual. The mass of
water �moisture content, mH2O� delivered to the fuel cell is obtained
by multiplying the mass flow rate �FR� of each of the reactant
streams by the appropriate D factor and the run time �t� as follows

mH2O = DT � FR�slpm� � t�min� �1�

The RH at a desired D factor of GT/GST and DPT is given by

RH = DDPT/DGT/GST �2�
After establishing the desired experimental conditions, the polar-

ization data on the PEFC are obtained using a fuel cell test station
�model PEM-FCTS-158541� supplied by Arbin Instruments, US.
The polarization data are collected point by point and 1 min is given
to the system to come to steady state. The reproducibility of the data
is ascertained by repeating the experiments at least twice.

Results and Discussion

ATR-FTIR spectra for Nafion and silica–Nafion composite mem-
branes are shown in Fig. 1a and b, respectively. In the spectrum for
silica–Nafion composite membrane shown in Fig. 1b, most of the
characteristic absorption bands due to Nafion seen in Fig. 1a are
suppressed. In the spectrum �Fig. 1b�, the absorption band at
950 cm−1 is attributed to Si–OH stretching vibration and the absorp-
tion peak at 800 cm−1 is assigned to the asymmetric stretching vi-
bration due to the Si–O–Si group.15 The presence of these absorp-
tion bands confirms the existence of silica in the composite
membrane.

Figure 2 shows SEM photographs for Nafion-1135 membrane
and alternative silica–Nafion composite membrane with varying
silica content fabricated during this study. Silica–Nafion composite
membranes, as seen in Fig. 2b-d, are homogeneous. Most of the
regions in the membrane indicate the absence of silica, suggesting it
to be present within the pores of the Nafion matrix. Only a few
agglomerated nanosized particles are seen on the membrane surface.
The agglomerates increase with increasing silica content in the
membrane. EDAX spectrum for the composite membrane shown in
Fig. 3 suggests the presence of Si, confirming it to be one of its
constituents.

It is well documented that sol-gel polymerization is carried out
either in the acidic �Fig. 4a� or the basic �Fig. 4b� catalyst environ-
ment to facilitate the reaction and to increase the viscosity of the
sol.29 In acidulous medium, alkoxide groups get protonated. This
leads to electron density withdrawal from the silicon atoms to the
alkoxide groups, making the former relatively more electrophilic
with the formation of a penta-coordinate transition state. The tran-
sition state decays by displacement of an alcohol and forms silicon
hydroxides. Thus, the silicon oxide network yields primarily linear/
randomly branched polymer that entangles and forms additional
branches, leading to gelation. In a basic medium, water dissociates
to produce hydroxyl anions, which facilitate silicon atoms to dis-
place -OR groups. Subsequently, the alkoxide group is removed
from the monomer, forming silicon hydroxide. For this situation, the
silicon oxide network yields highly branched clusters that do not
interpenetrate prior to gelation and behave as discrete clusters.29 The
acid or base-catalyzed sol could form linear/randomly branched
polymer or highly branched clusters, as shown in Fig. 4c. Under

Table I. Varying RH values and corresponding DPT, GT/GST,
and DPH for PEFC operation.

Sl no. RH DPT GT/GST DPH

1 83 80 85 85
2 66 60 70 70
3 31 40 65 65
4 18 25 60 60
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these conditions, the viscous sol may not enter the nanopores of the
PFSA ionomer, resulting in an uneven distribution of silica particles
in the ionomer matrix. Hence, an alternative approach for sol-gel
formulation is desired to produce a homogeneous, transparent, and
less viscous silica sol.

This has been possible in this study through the controlled hy-
drolysis and polymerization, followed by a novel water hydrolysis to
metal alkoxide precluding any acid/base environment, as shown in
Fig. 5. In the Experimental section, it has been described that the
silica sol of TEOS + IPA + H2O is obtained in the respective molar
ratio of 1:4:4. Although the reactivity of TEOS is less than other
inorganic precursors, like Zr�OR�4 and Ti�OR�4, IPA is used to re-
cede the reactivity of TEOS. A small amount of water is then added
to decelerate and control the hydrolysis. The sol could be kept long
without forming a gel. The transparent and uniform sol is realized
only by keeping TEOS + IPA + H2O in the respective molar ratio
of 1:4:4. This process precludes any acidic or basic catalyst medium
and avoids immediate polymerization with concomitant arrest in the
increase of the sol viscosity depriving gel formation. Without any
acidic or basic catalyst environment, adding only a small amount of
deionoized water to the inorganic precursor carries out slow hy-
drolysis. This helps produce homogeneous, transparent, and less vis-
cous sol. This is considered to be the rate-determining step. Subse-
quently, the required amount of the sol is allowed to percolate within
the polymer matrix. The less viscous sol enters the fine pores of
PFSA and, due to the acidic nature of the latter, facilitates the reac-
tion �see Fig. 4a�, yielding a linear/randomly branched polymer with
Si–OH network in the pores of PFSA matrix that on subsequent
condensation and heating at 90°C under vacuum culminates in
Si–O–Si linkages, yielding a film of desired thickness. As a result, a
transparent polymer film is obtained without any particle/phase seg-
regation �see Fig. 2�.

Performance data for PEFC employing silica–Nafion composite
membranes between 80 and 140°C under pressurized conditions
have been reported by Bocarsly et al.15 However, conclusive inves-
tigations towards the effect of humidity on silica–Nafion composite
membranes are limited. Accordingly, an objective of this study is
also to evaluate the performance of our sol-gel-derived silica–Nafion
composite membranes in PEFCs at varying RH values at elevated
temperatures under ambient pressure.

Figure 1. �Color online� ATR-FTIR spec-
tra for �a� Nafion-1135 and �b� silica–
Nafion composite membranes.
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The performance of the H2/O2 PEFC employing silica–Nafion
composite membranes is studied by obtaining its polarization curve
as a function of load current. Figure 6 compares the polarization
curves for the silica–Nafion composite and commercial Nafion-1135
membranes under fully wet conditions ��100% RH� at 60°C under
ambient pressure. In all the experiments, the flow rates for both the
fuel and the oxidant are fixed so as to preclude any water retention
in the cell. The silica–Nafion composite membranes with varying
silica content show better performance than those with Nafion mem-
branes. Maximum proton conductivity with composite membranes is
attained at an intermediate loading of silica, where silica improves
water retention characteristic of the membrane without affecting the
continuity of the proton conduction path in Nafion. It is apparent
from the results shown in Fig. 6 that the resistance values of the
cells with silica–Nafion composite membranes are lower as com-
pared to those with Nafion membranes, the resistance being lowest

Figure 3. �Color online� EDAX spectrum for silica–Nafion composite mem-
brane.
for 10 wt % silica–Nafion composite membrane. The peak power
density of 720 mW/cm2 for the PEFC is achieved with a 10 wt %
silica–Nafion composite membrane as compared to a 550 mW/cm2

PEFC with Nafion-1135 membrane under identical operational con-
ditions. It is obvious that the existence of silica as a proton conduc-
tor in the Nafion matrix assists the silica–Nafion composite mem-
brane to achieve higher proton conductivity in relation to Nafion
membrane. Proton conductivity in the silica–Nafion composite
membrane is attributed to protons that are transferred through hy-
drogen bonding with water-filled ion pores. However, an excess of
the silica phase could inhibit proton conduction in the membrane,
disrupting the continuity of the proton conduction path in the Nafion
membrane.15,30,31 Accordingly, the peak power density for the PEFC
with a 15 wt % silica–Nafion membrane is lower in relation to the
PEFC with a 10 wt % silica–Nafion composite membrane.

The polarization curves for PEFCs with silica–Nafion composite
and commercial Nafion-1135 membranes at 83% RH are presented
in Fig. 7. It is seen that the performance curves for all the PEFCs
exhibit lower performance as compared to Fig. 6, where the cells are
in fully wet condition at about 100% RH. However, from the data in
Fig. 7, it is observed that the PEFC with silica–Nafion composite
membrane exhibits superior performance than those with unmodi-
fied Nafion membrane. The increase in peak power density of
PEFCs with increasing content of silica in the silica–Nafion com-
posite membrane is also noteworthy. The peak power density of
700 mW/cm2 is achieved for 15 wt % silica–Nafion composite
membrane compared to 460 mW/cm2 for commercial Nafion-1135
membrane. This substantiates that the increased silica content helps
water retention in the membrane.

The polarization curves for PEFCs with silica–Nafion composite
membrane and Nafion-1135 at 66 and 31% RH values are presented
in Fig. 8 and 9, respectively. It is seen from the data that the PEFCs
with unmodified Nafion membrane exhibit poor performance in re-
lation to the silica–Nafion composite membranes at varying RH val-
ues, as the former is poor in retaining water within its framework.
The peak power densities obtained for PEFCs with Nafion-1135 at

Figure 2. SEM photographs for �a�
Nafion-1135, �b� silica �2.5 wt %�–Nafion,
�c� silica �5 wt %�–Nafion, and �d� silica
�10 wt %�–Nafion composite membranes.
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66 and 31% RH are around 300 and 80 mW/cm2, respectively. By
contrast, the PEFC performance improves with increased silica con-
tent in the silica–Nafion composite membrane at both RH values, as
seen from the data in Fig. 8 and 9. The peak power densities of 625
and 420 mW/cm2 are achieved at 66 and 31% RH, respectively, for
PEFCs with silica–Nafion composite membranes.

The polarization behaviors of PEFCs with Nafion-1135 and
silica–Nafion composite membranes under near-dry conditions
��18% RH� are shown in Fig. 10. At these RH values, the humidi-
fication of hydrogen gas is inapt to operate PEFCs with pure Nafion
membranes as the PEFCs yield a peak power density of only about

Figure 4. �Color online� Schematic description of �a� acid-catalyzed hydroly
and �c� a summary of acid- and base-catalyzed sol-gel conditions.
30 mW/cm2 at the load current-density value of 100 mA/cm2, pri-
marily due to the poor conductivity of the Nafion membrane. By
contrast, under identical conditions, PEFCs employing silica–Nafion
composite membranes perform much better in relation to those with
unmodified Nafion membranes. The performance of PEFCs with
silica–Nafion composite membranes increases gradually with in-
creasing silica content in the Nafion matrix. A peak power density of
300 mW/cm2 is achieved at a load current-density value of
1200 mA/cm2 for the PEFC employing a silica–Nafion composite
membrane with 15 wt % silica while operating at 60°C under atmo-

r the sol-gel reaction, �b� base-catalyzed hydrolysis for the sol-gel reaction,

Figure 5. Schematic representation of the
water hydrolysis to form a less viscous sol
and subsequent condensation yielding hy-
droxide and oxide network of silica in the
pores of PFSA matrix.
sis fo
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spheric pressure. It is therefore quite obvious that PEFC perfor-
mance is purely related to water management issues. In commercial
Nafion membranes, due to the limited availability of water at the
anode, electroosmotic drag of water from anode to cathode and in-
sufficient water diffusion from cathode to anode cause the MEA to
dehydrate. The membrane dehydration is manifested with an in-
crease in ohmic resistance of the cell, leading to decreased cell
performance.32 By contrast, in the case of composite Nafion mem-
branes, due to water retention characteristics of the silica, such a
problem is obviated. It may be that the positively charged silica
particles counterbalance the negatively charged sulfonate groups
present in the Nafion and enhance its hydrophilic character. The
long-range coulombic attractive forces between protons and sul-
fonate groups are disrupted by the presence of positively charged
silica particles in the membrane, facilitating the protons to readily

Figure 7. �Color online� Performance of H2/O2 PEFC with Nafion-1135 and
silica–Nafion composite membranes at 83% RH under atmospheric pressure
operating at 60°C.
pass through the membrane pore fluids. Hence, the proton conduc-
tivity of the membrane is maintained, albeit it is lower than the
proton-conductivity values at high RH.

Adjemin et al.15 tested Nafion-115 and Nafion–silica composite
membranes for 50 h of operation at 130°C under humidified condi-
tions and at 3 atm pressure. It is found that the composite membrane
had much higher stability at elevated temperature with a decline of
about 5% in the performance. In this study, silica �15 wt %�–Nafion
composite membrane is considered for membrane stability test at
near-dry conditions �18% RH� and at 60°C under atmospheric pres-
sure. The fuel cell power density is relatively stable with a decline of
about 7% for 50 h of operation. Both the data are analyzed and the
comparative performances are shown in Fig. 11.

Enhanced proton conduction in the silica–Nafion composite
membranes of this study at low RH values could be visualized in
light of the following discussion. Upon exposure to water, anhy-
drous silica, which has an isoelectric point, i.e., the pH at which the
particles carry zero charge, of 2 is hydrated primarily in two ways:
�i� physical adsorption of water molecules, including hydrogen
bonding to surface oxygen ions but not dissociation, and �ii� chemi-
sorption of water that dissociates, resulting in surface -SiOH
groups.33

The physical adsorption is represented by

-SiOH + H+ → -SiOH- - -H+ �3�
and chemisorption is represented by

-SiOH + H+ → -SiOH2
+ � -Si+ + H2O �4�

Equation 4 is analogous to

H+ + Siz+�OH�z�aq� = Siz+�OH�z−1
+�aq� + H2O �5�

During the cell operation, protons are continuously generated at
the anode and are driven through the membrane pore fluid, but the
sulfonate groups remain largely unprotonated, even at low pH val-
ues. In the absence of essentially immobile counter cations in the
pore fluid, this would retard the free migration of protons through
the membrane, albeit the hydrophilic nature of the sulfonate groups
would attract the water dipoles. If a positively charged surface, such
as silica, is able to counterbalance the negative charge on the sul-
fonate groups, the hydrophilic region of the membrane is protonated

Figure 6. �Color online� Performance of
H2/O2 PEFC with Nafion-1135 and silica–
Nafion composite membranes at 100%
RH under atmospheric pressure operating
at 60°C.
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in the presence of both positively and negatively charged species
within the membrane framework. This facilitates the unhindered mi-
gration of protons through the membrane. In other words, in the
absence of fixed countercharges, the long-range coulombic attractive
force of negatively charged sulfonate groups would tend to retain
protons within the membrane, even as they are pushed through as a
result of the external anode/cathode reactions. If the long-range cou-
lombic attractive forces for protons are disrupted by the presence of
fixed positively charged surfaces within the membrane, the protons
pass more readily through the membrane.

In the silica–Nafion composite membrane, silica is characterized
by a relatively high positive surface charge density and zeta poten-
tial due to proton adsorption.34 The high concentration of protons in
the electrical double layer �EDL� is beneficial for the hydrophilicity
of silica–Nafion composite membrane because water species form-
ing the EDL are retained on the silica surface by the electric field.35

It is also apparent from the polarization curves at varying RH
values that the performance of PEFCs with silica–Nafion composite

Figure 8. �Color online� Performance of
H2/O2 PEFC with Nafion-1135 and silica–
Nafion composite membranes at 66% RH
under atmospheric pressure operating at
60°C.

Figure 10. �Color online� Performance of
H2/O2 PEFC with Nafion-1135 and silica–
Nafion composite membranes at 18% RH
under atmospheric pressure operating at
60°C.
Figure 9. �Color online� Performance of H2/O2 PEFC with Nafion-1135 and
silica–Nafion composite membranes at 31% RH under atmospheric pressure
operating at 60°C.
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membranes is improved at high load current densities. Decreased
water flooding, which reduces the mass-transfer problem in silica–
Nafion composite membranes, may contribute to the improved per-
formance of PEFCs. By contrast, at high load current densities, in
the PEFCs with unmodified Nafion membranes, the water genera-
tion rates at the cathode are too high to substantially affect the
effective area of the gas diffusion layers inside the electrode. How-
ever, the high water uptake by silica–Nafion composite membranes
facilitates the product water in hydrating the membranes.36

Figure 12 shows the polarization curves for PEFCs with silica–
Nafion composite membranes under 100% RH operating at 100°C
at atmospheric pressure. It is seen that the performance curves for
PEFCs with 10 wt % silica–Nafion composite membranes yield a
peak power density of 350 mW/cm2. This clearly shows that PEFCs
with silica–Nafion composite membrane perform better at elevated

Figure 11. �Color online� �a� Durability test for PEFC with silica �15 wt
%�–Nafion composite membrane under 18% RH at 60°C and atmospheric
pressure, and �b� durability data due to Adjemian et al. �Ref. 15� for a PEFC
with silica �6 wt %�–Nafion-115 membrane operating at 130°C at 3 atm
pressure of H2 and O2 humidified at 130°C.
temperatures with little degradation in their performance, primarily
due to water retention property of the membrane. The decrease in
performance of silica �15 wt %�–Nafion composite membrane could
be due to electrode flooding by high water retention on the cathode
side. PEFCs with Nafion-1135 are not able to deliver any sensible
performance under similar operational conditions. Anecdotal infor-
mation reflects hardly any difference in the mechanical strengths of
pristine Nafion and silica–Nafion composite membranes.

To complement the polarization data on PEFCs evaluated under
different conditions, the electrochemical kinetic parameters of the
cell comprising Nafion-1135 and silica–Nafion composite mem-
branes are also estimated by the following method and the data are
presented in Tables II-VI. From the data in Tables II-VI, we found
the open-circuit voltages �OCVs� for the PEFCs to be lower than
1 V. This could be attributed to fuel crossover current density of
about 2 mA/cm2.37 The cell voltage �V� vs current density �i� be-
havior at varying RH values, in conjunction with the silica content
in the composite membranes, are analyzed by fitting the data to

V = Vo − b log i − iR �6�

In Eq. 6, Vo is the observed open-cell potential, b is the Tafel slope,
and iR accounts for the linear variation of overpotential with load
current density due to ohmic resistance �R�.

Figure 12. �Color online� Performance of
H2/O2 PEFC with silica–Nafion compos-
ite membranes under 100% RH operating
at 100°C and atmospheric pressure.

Table II. Electrochemical kinetic parameters for PEFC employ-
ing Nafion and silica–Nafion composite membranes with 100%
RH at 60°C under atmospheric pressure.

Membrane V0 �V� b �V�
R

�� cm2�

Current density
�mA/cm2�

at 0.7 V at 0.4 V

Nafion-1135 0.990 0.040 0.27 320 1400
Silica �2.5 wt %�–
Nafion

0.965 0.036 0.24 280 1400

Silica �5 wt %�–
Nafion

0.957 0.028 0.23 380 1560

Silica �10 wt %�–
Nafion

0.990 0.036 0.20 400 1760

Silica �15 wt %�–
Nafion

0.956 0.022 0.22 480 1640
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As seen from the data in Tables II-VI, the parameter R, which
represents the ohmic resistance of the membrane, decreases with
increasing silica content at high RH values. However, the effect is
clearly pronounced at low RH values. At low RH values, the in-
crease in resistance is significantly higher for unmodified Nafion
membranes in relation to silica–Nafion composite membranes. This
is a clear manifestation of the ability of silica to reduce membrane
resistance due to its water-retention property. The Tafel slopes for
the polarization curves comprising silica–Nafion composite mem-
branes are lower as compared to the polarization curves for PEFCs
with Nafion-1135 membranes. This signifies that an increase in the
contact area for the electrodes with hydrated silica particles on the

Table III. Electrochemical kinetic parameters for PEFC employ-
ing Nafion and silica–Nafion composite membranes with 83% RH
at 60°C under atmospheric pressure.

Membrane V0 �V� b �V�
R

�� cm2�

Current density
�mA/cm2�

at 0.7 V at 0.4 V

Nafion-1135 0.991 0.048 0.35 180 1160
Silica �2.5 wt %�–
Nafion

0.965 0.036 0.28 280 1340

Silica �5 wt %�–
Nafion

0.947 0.033 0.24 320 1500

Silica �10 wt %�–
Nafion

0.989 0.039 0.21 340 1700

Silica �15 wt %�–
Nafion

0.980 0.040 0.20 360 1760

Table IV. Electrochemical kinetic parameters for PEFC employ-
ing Nafion and silica–Nafion composite membranes with 66% RH
at 60°C under atmospheric pressure.

Membrane V0 �V� b �V�
R

�� cm2�

Current density
�mA/cm2�

at 0.7 V at 0.4 V

Nafion-1135 0.994 0.056 0.40 110 750
Silica �2.5 wt %�–
Nafion

0.956 0.043 0.35 130 1010

Silica �5 wt %�–
Nafion

0.940 0.044 0.27 150 1240

Silica �10 wt %�–
Nafion

0.987 0.033 0.24 170 1440

Silica �15 wt %�–
Nafion

0.970 0.046 0.22 220 1550

Table V. Electrochemical kinetic parameters for PEFC employ-
ing Nafion and silica–Nafion composite membranes with 31% RH
at 60°C under atmospheric pressure.

Membrane V0 �V� b �V�
R

�� cm2�

Current density
�mA/cm2�

at 0.7 V at 0.4 V

Nafion-1135 0.980 0.073 2.00 30 180
Silica �2.5 wt %�–
Nafion

0.937 0.045 0.96 65 340

Silica �5 wt %�–
Nafion

0.923 0.042 0.55 100 520

Silica �10 wt %�–
Nafion

0.983 0.050 0.35 100 640

Silica �15 wt %�–
Nafion

0.975 0.057 0.28 100 970
surface of the composite membranes also improves the hydration of
the ion-conducting phase in the electrode, which facilitates the elec-
trochemical reaction kinetics on the electrodes.

In brief, this study indicates that silica–Nafion composite mem-
branes exhibit lower resistance and hence PEFCs with silica–Nafion
composite membranes can sustain higher load current densities, par-
ticularly at low RH values, in relation to the unmodified Nafion
membranes. Hydrated silica provides better water retention in modi-
fied Nafion membranes than commercial Nafion membrane at re-
duced RH values. Besides, the impregnation of the silica into the
nanopores of Nafion helps the composite membranes to be less sus-
ceptible to high temperature damage, mitigating the shrinkage of the
membranes at low RH values. Dehydration of commercial Nafion
membranes at elevated temperatures affects the pore structure, as
reflected by their decreased proton conductivity. The presence of
silica within the membranes apparently obviates these temperature-
related structural changes, and their proton conductivity is retained
even after thermal cycling at elevated temperatures. Accordingly, the
present study provides an alternative route to fabricate silica–Nafion
composite membranes with filler particles that absorb water and act
as a water reservoir to keep the membrane wet even at low RH
values. This helps the PEFCs to sustain periods of inlet-stream
draught without excessive loss in membrane conductivity. Conse-
quently, the humidification exigencies for PEFCs in an operating
system are reduced, which in turn helps cut system complexity and
hence cost.

Conclusions

The study describes a method of embedding silica particles in
PFSA ionomer by a novel water hydrolysis process that circumvents
the use of added acid while utilizing acidic characteristics of Nafion
and polymerization reaction through a sol-gel route. This facilitates
uniform and homogeneous SiO2/siloxane cross linkages in the nano-
porous Nafion structure. The composite Nafion membranes with in-
organic fillers exhibit high affinity to water, enabling proton conduc-
tion in membrane electrolytes even at elevated temperatures and low
RH values. This enables the PEFCs with the silica–Nafion compos-
ite membranes to be operated at elevated temperatures, even under
low RH levels.
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Table VI. Electrochemical kinetic parameters for PEFC employ-
ing Nafion and silica–Nafion composite membranes with 18% RH
at 60°C under atmospheric pressure.

Membrane V0 �V� b �V�
R

�� cm2�

Current density
�mA/cm2�

at 0.7 V at 0.4 V

Nafion-1135 0.942 0.049 4.30 15 80
Silica �2.5 wt %�–
Nafion

0.927 0.045 1.51 40 230

Silica �5 wt %�–
Nafion

0.910 0.051 0.93 45 300

Silica �10 wt %�–
Nafion

0.981 0.065 0.88 60 360

Silica �15 wt %�–
Nafion

0.975 0.070 0.38 50 440
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