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a  b  s  t  r  a  c  t

H2/O2 fuel  cells  equipped  with  proton-conducting  Nafion®/phosphosilicate  (NPS)  glass  membranes,
which  are  prepared  from  phosphosilicate  glass  and  a perfluorosulfonic  acid  polymer,  are  characterized,
and  their  performances  are  improved  step  by step  by  using  Nafion® resin  as  an  adhesive,  increasing  oper-
ation temperature,  adopting  a thin-film  pressure  sensor,  and reducing  glass  membrane  thickness.  Finally,
vailable online 31 January 2012
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the fuel  cell  with  a 500  �m thick  NPS  glass  membrane  releases  a  peak  power  density  of  207  mW  cm−2 at
70 ◦C.

© 2012 Elsevier B.V. All rights reserved.
embrane electrode assemblies

. Introduction

Proton-exchange membrane fuel cells (PEMFCs) have attracted
onsiderable attention as next-generation power sources for sta-
ionary and vehicular applications due to their environmental
riendliness and high-energy utilization efficiency. Perfluorosul-
onic acid polymer membranes, typically Nafion®, are character-
zed by high proton conductivity and good chemical stability, and
herefore are widely used in PEMFCs as electrolytes. However, these

embranes are very expensive and they suffer from swelling due
o the adsorption of water, which lowers their fuel-cell efficiency.

Sol–gel derived inorganic proton conductors such as SiO2
1,2], Al2O3 [3],  TiO2 [3,4], P2O5–SiO2 [5–9], and P2O5–TiO2
10] may  offer very promising alternatives to polymeric mem-
ranes because of their low cost and high dimensional stability.
heir proton conductivities can reach 10−2–10−1 S cm−1 [4–10],
hich are comparable to that of Nafion® and are thus ade-

uate for fuel-cell applications. Nevertheless, the power densities
f fuel cells with proton-conductive glass membranes as elec-
rolytes are still much lower than those of fuel cells based
n Nafion® membrane. Using P2O5–SiO2 and (phosphotungsti-
acid/phosphomolybdicacid) PWA/PMA–P2O5–SiO2 membranes in
uel cells, Nogami et al. [11,12] obtained peak power densities of
 mW cm−2 and 41.5 mW cm−2, respectively. Matsuda et al. [13]
ttained a maximum power density of 30 mW cm−2 using phos-
hosilicate gel/polyimide composite membrane. Ioroi et al. [14]
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obtained a peak power density of 45 mW cm−2 using surface-
modified porous glass with an attachment of SO3H onto the pore
surface. Furthermore, Nogami et al. [15] prepared membrane elec-
trode assemblies (MEAs) using the cold-pressed discs derived from
phosphosilicate glass powder and H3PO4 as the binder, and attain-
ing a peak power density of about 70 mW cm−2. On the other hand,
for intermediate-temperature fuel cells, Matsuda et al. [16,17]
obtained maximum power densities of 38 mW cm−2 at 150 ◦C
and 85 mW cm−2 at 130 ◦C using phosphosilicate gel/polyimide
composite membrane and phosphosilicate hybrid gel/glass paper,
respectively. In addition, our group has also demonstrated the util-
ity of a sol–gel derived phosphosilicate glass membrane in a fuel
cell, obtaining a peak power output of 20.8 mW cm−2 [8].

It is believed that a key issue is that sol–gel-derived glasses
are inflexible and brittle, and thus cannot withstand the pressure
required to press them into an MEA  for favorable interface contact
between the electrolyte and electrode. As a result, a high interface
resistance arises, which is responsible for an undesirable power
loss. Therefore, decreasing interface resistance is essential in order
to improve the performance of a fuel cell with a glass membrane.
On the other hand, it is well known that increasing the operating
temperature and adopting a thinner electrolyte membrane could
improve the performance of PEMFCs. It is expected that these meth-
ods will be effective for fuel cells with glass membranes.

Our group has recently prepared a Nafion®/phosphosilicate
(NPS) glass membrane based on porous phosphosilicate glass and

a perfluorosulfonic acid polymer by using a sol–gel process with a
low-temperature hydrothermal treatment (below 150 ◦C), which
could prevent thermal degradation of the organic component
[18]. The incorporated highly proton conductive polyelectrolyte
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Fig. 1. Schematic illustration for assembling the fuel cell based on the N

Nafion®) could play a role in reducing the fuel permeation as a pore
ller and in supplying additional proton conductive passes. The
dvantages of simple synthesis processes and low manufacturing
osts make the NPS glass membrane very promising to substitute
olymer electrolytes for the practical application in fuel cells. In
he present work, the NPS glass membrane with 10 wt.% Nafion®,
xhibiting a high proton conductivity of ca. 10−1 S cm−1 [18], was
sed for the preparation of the fuel cells. We  showed that a single
uel cell equipped with the NPS membrane achieved a peak power
ensity of 207 mW cm−2. This density is much higher than the
alues of 6–85 mW cm−2 for the fuel cells constructed with proton-
onducting glasses as electrolytes, reported previously [8,11–17].

. Experimental

.1. Materials

Si(OC2H5)4 (TEOS, Sinopharm), H3PO4 (85% aqueous solu-
ion, Sinopharm), and Nafion® perfluorinated ion-exchange resin
10 wt.%, DuPont) were used without further purification.

.2. Preparation of NPS glass membrane

The NPS glass membrane was prepared by a sol–gel method
s reported previously [18]. Briefly, a mixture of Si(OC2H5)4
TEOS), deionized water, and hydrochloric acid in a molar ratio
f 1:4:4 × 10−3 (TEOS:H2O:HCl) was initially prepared and stirred
or 30 min  at room temperature. Then, phosphoric acid solution
nd Nafion® resin in molar ratios of 3:7 (H3PO4:TEOS) and 1:9
Nafion®:TEOS) were slowly added to the above mixture and stir-
ing was continued for 20 min. The obtained transparent solution
as then transferred to a Teflon® vessel and left to stand at room

emperature until gelation occurred. Teflon vessels with xerogels
ere introduced into a drying box. The gel was then hydrothermally

reated at 150 ◦C for 24 h, and a water vapor at a pressure of 1 atm
as maintained within the drying box by providing an excess of
eionized water. After these procedures, the NPS glass membrane
as obtained. The thickness of the membrane can be controlled by

hanging the solution amount cast into the vessel.

.3. Preparation and test of fuel cell with the NPS glass membrane

Gas-diffusion electrodes (GDEs) with a Pt loading of 0.5 mg  cm−2

ere prepared by spraying the catalyst ink onto wet-proofed Toray
arbon paper. Using a process called Method A, a sandwiched MEA
ith a circular 0.8 cm diameter active region was made by attaching
he GDEs onto the glass membrane, and then the MEA held between
wo graphite bipolar plates was placed between two  gold plates.
s an alternative called Method B, the MEA  with the same active
egion was made by attaching the GDEs onto the glass membrane
ss membrane, and optical image of MEA  with the NPS glass membrane.

using Nafion® resin (10 wt.% solution in a mixture of lower aliphatic
alcohols and water) as an adhesive, and then the MEA  sandwiched
between two graphite bipolar plates was  placed between two gold
plates. In addition, Method B was improved, in which a thin-film
pressure sensor (Flexiforce® A401, Tekscan Inc.) as an additional
part was  inserted between the gold plate and the insulation plate
for assembling the fuel cell. A schematic illustration for assembling
the fuel cell is shown in Fig. 1.

The H2/O2 fuel cells were fueled with hydrogen supplied to the
anode and oxygen supplied to the cathode, each at a pressure of
1 atm. The flow rates and humidification of the gases and the tem-
perature of the cells were controlled by a fuel-cell testing system
(FC 5100, CHINO Corp.). The gas flow rates of H2 and O2 were
30 sccm and 60 sccm, respectively. Electrochemical data, including
polarization curves and electrochemical impedance spectroscopy
(EIS), were performed and collected by an Impedance/Gain-Phase
Analyzer (SI1260, Solartron) and an Electrochemical Interface
(SI1287, Solartron). The amplitude of the AC signal was  10 mV  and
the scanning frequency was  typically varied from 0.1 Hz to 1 MHz.
The impedance spectra of the glass membrane based H2/O2 fuel cell
were measured at 0.4 V.

2.4. Characterization

Scanning electron microscopy (SEM) image of the NPS glass
membrane painted with Nafion® solution (10 wt.% solution) was
obtained on a field-emission SEM (NOVA, NanoSEM 230) equipped
with energy dispersive X-ray spectroscopy (EDS) (INCA X-Max 80,
Oxford Instruments). EDS was  used to characterize the composition
distribution of the Nafion infiltrated into the NPS glass membrane.

3. Results and discussion

3.1. Effect of MEA preparation process

The NPS glass membrane was  prepared by a hydrothermal-
assisted sol–gel method. A photo of the MEA  which are based
on the NPS glass membrane is shown in Fig. 1. Polarization and
power output curves were recorded to assess the fuel cell perfor-
mance and their improvement, as shown in Fig. 2. The fuel cells
operating at room temperature, which are prepared with Method
A and Method B, released maximum output powers of 14.4 and
45.4 mW cm−2, respectively. Obviously, the cell using Method B
showed much better performance than that with Method A. The
large discrepancy in output power should be due to the difference
of internal resistance including ohmic and electrode resistances

for both fuel cells. An impedance analysis of the fuel cells was
carried out and impedance spectra are shown in Fig. 3. The inter-
cept in the high-frequency domain on the real axis represents
ohmic resistance (R�), and it is mainly ascribed to the membrane
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Fig. 2. I–V and power density curves of fuel cells, which are based on the NPS glass
membrane with a thickness of 800 �m.  The performance of a fuel cell operating at
room temperature, which was prepared by Method A, is shown. The improved per-
formances of fuel cells operating at room temperature by using Nafion® resin as an
adhesive (b), operating at 70 ◦C by increasing operation temperature (c), and oper-
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Fig. 4. Cross-sectional SEM image (a) and corresponding EDS composition profiles
(b) of a Nafion®-painted NPS glass membrane.
ting at 70 ◦C by adopting a thin-film pressure sensor (d) are also given, which were
repared by Method B. Curve (e), iR-correction result for the initial measurement of
he  fulel cell operating at 70 ◦C with the thin-film pressure sensor.

esistance and interfacial resistance between membrane and elec-
rodes, both of which are protonic resistances. The semicircle in the
ow-frequency domain represents the electrode resistance, which
s mainly charge–transfer resistance (Rc) on the anode and cathode,

ith the main contribution being the cathode oxygen reduction
eaction (ORR) process.

The cell prepared using Method A had an ohmic resistance of
.3 � cm2 and a charge–transfer resistance of 2.7 � cm2, while the
ell prepared using Method B gave an ohmic resistance of 1.3 � cm2

nd charge–transfer resistance of 2 � cm2. Compared to that of
ethod A, ohmic resistance and charge–transfer resistance for the

uel cell using Method B were evidently reduced. The NPS glass
embrane could not endure hot pressing to assemble the MEA

nd the fuel cell, due to the fact that hot pressing would crush
he NPS glass. For the cell with Method A, the high interfacial

esistance developed with very poor interfacial contact between
he NPS glass and the electrodes, and thus it gave rise to a large
hmic resistance. In contrast, due to the fact that the Nafion®

esin can provide better adhesion and a stronger binding force

ig. 3. Impedance spectra of fuel cells measured at 0.4 V, which are based on the
PS glass membranes with a thickness of 800 �m.  The impedance spectrum of a fuel
ell  operating at room temperature, which was  prepared by Method A, was shown.
mpedance spectra of fuel cells operating at room temperature by using Nafion®

esin as an adhesive (b), operating at 70 ◦C by increasing operation temperature (c),
nd  operating at 70 ◦C by adopting a thin-film pressure sensor (d) are also given,
hich were prepared by Method B.
between the glass membrane and the electrodes, better interfa-
cial contact could be formed, leading to the reduction of interfacial
resistance. In addition, it is well known that creating the so-called
triplephase boundaries, in which the protonic electrolyte, catalytic
particles, and reactants are in close contact with each other, is crit-
ical in reducing charge–transfer resistance. The introduction of a
Nafion® layer between the rigid NPS glass and the electrodes could
achieve better triplephase boundaries, leading to the reduction of
charge–transfer resistance. Thereby, the utilization of Nafion® resin
by Method B leads to the reduction of both ohmic resistance and
charge–transfer resistance of the fuel cell, and thus the increased
output power was obtained.

Fig. 4 shows cross-sectional SEM image and corresponding EDS
composition profiles of a Nafion®-painted NPS glass membrane.
As shown in Fig. 4(a), the Nafion® layer attached on the NPS glass
membrane has a thickness of 800 nm.  On the other hand, EDS com-
position profiles in Fig. 4(b) give the distributions of C, O, and F
elements within the NPS glass membrane. The sectional distri-
bution of the Nafion® infiltrated into the NPS glass membrane is
determined by checking F species. In Fig. 4(b), the F species grad-
ually decreased from the surface toward the interior, and tend to
reach a constant level onto the depth of ca. 4 �m.  These results
suggest that the Nafion® could infiltrate into the surface layer of
the NPS glass membrane in an infiltration depth of ca. 4 �m.  The
Nafion® was  introduced to improve interface adhesion between the
glass membrane and the electrodes. On the other hand, the intro-
duction of the Nafion should be also helpful for promoting proton
conduction within the surface layer of the glass membrane, and for
reducing fuel crossover in some extent.



Z. Di et al. / Journal of Power Sources 207 (2012) 86– 90 89

F

3

a
e
d
t
b
r
t
t
d
t
l
3
g
t
E
a
w
t
m

3

i
m
d
f
c
u
t
t

a
f
c
p
p
1
t
F
d
b

f
F

constructed a fuel cell by using 500 �m thick NPS glass. As shown
in Fig. 6, the fuel cell operating at 70 ◦C gave an open-circuit volt-
age of 0.96 V, and released a peak power density of 207 mW cm−2,
which is evidently greater compared to that with an 800 �m thick
ig. 5. Output power as a function of time under a cell votage of 0.5 V for 140 h.

.2. Effect of operating temperature

Increasing the operation temperature has been considered
n effective approach for improving fuel cell performance. As
xpected, the fuel cell performance shown in Fig. 2 increased
ramatically from 45.4 to 103 mW cm2 with increasing operation
emperature from 25 to 70 ◦C. The resultant impedance spectra at
oth temperatures are shown in Fig. 3. It is observed that ohmic
esistance decreased slightly from 1.3 to 1.1 � cm2, while elec-
rode resistance decreased significantly from 2 to 0.5 � cm2 when
he temperature increased from 25 to 70 ◦C. Ohmic resistance
ecreased as the temperature increased, which may  have been due
o an increase of the membrane conductivity, as reported in the
iterature [18], in which proton conductivities of ca. 0.07 S cm−1 at
0 ◦C and ca. 0.1 S cm−1 at 70 ◦C under 70% relative humidity were
iven. According to electrochemical reaction kinetics, increasing
he temperature could increase the rate of the electrode reaction.
lectrode resistance results mainly from charge–transfer resistance
nd is a direct function of the slow ORR kinetic at the cathode
hich becomes faster as the temperature increases [19]. In addi-

ion, the increased operation temperature also could improve the
ass-transfer process, resulting in improved performance.

.3. Effect of assembly pressure

To reduce interfacial resistance, assembly pressure should be
ncreased as high as possible. For the present study, the NPS glass

embrane used could not endure hot pressing to assemble the MEA
ue to its friability, so that the applied assembly pressure is critical
or the reduction of interfacial resistance. In order to accurately
ontrol the assembly pressure, and to increase it as high as possible
nder the prerequisite conditions without crushing the NPS glass, a
hin-film pressure sensor was inserted between the gold plate and
he insulation plate, as shown in Fig. 1.

During the fuel cell assembly, progressively increasing force was
pplied, and a maximum contact pressure of 4.5 N was used to per-
orm measurements due to the fact that higher pressure tends to
rush the glass membrane. As shown in Fig. 2, an increased out-
ut power of 124.7 mW cm−1 for the fuel cell with the thin-film
ressure sensor was obtained at 70 ◦C, compared to the value of
03 mW cm−1 at 70 ◦C for that assembled on the basis of opera-
or experience, without the thin-film pressure sensor. Meanwhile,
ig. 3 shows that the ohmic resistance and electrode resistance
ecreased from 1.1 and 0.5 � cm2 to 1 and 0.3 � cm2, respectively,

y the adoption of the thin-film pressure sensor.

In order to assess the stability of the NPS glass membrane under
uel-cell conditions, the longevity experiment was  carried out.
ig. 5. gives the stability of output power as a function of time under
Fig. 6. I–V and power density curves of fuel cell with a 500 �m thick NPS glass
membrane oprating at 70 ◦C, which was  prepared by Method B.

a cell votage of 0.5 V. The assembling configuration and operating
condition of the fuel cell for stability measurement are identical to
those of the fulel cell with the thin-film pressure sensor in Fig. 2.
After an initial drop from ca. 90 to 85 mW cm−2, during the con-
tinuous measurement up to 140 h, the fuel cell showed remarkable
stability. The result demonstrates the high stability of the NPS glass
membrane under fuel cell conditions. The reason for the drop in
output power in the first few hours is still not clear. Further study
is definitely required.

3.4. Effect of the NPS glass thickness

The iR-correction is given from the following formula: iR-
correction = E − iR�, where E is the measured cell voltage, i is the
current density, and R� is the ohmic resistance determined from
impedance spectrum. The iR-correction result for the initial mea-
surement of the fulel cell operating at 70 ◦C with the thin-film
pressure sensor is shown in Fig. 2 as curve (e).

In comparison to conventional PEMFCs using the polymer elec-
trolyte membranes, whose thicknesses range from the teens to
180 �m,  performance limitations were believed to be related
to membrane resistance of the NPS glass membrane, which is
expected to be fairly large due to the utilization of an 800 �m thick
glass membrane. Decreasing the NPS glass membrane thickness
could therefore be expected to increase the performance. Thus, we
Fig. 7. Impedance spectra of fuel cells measured at 0.4 V, which are based on the
NPS glass membranes with a thickness of 500 �m.
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lass membrane. In addition, this value is much higher than the
eak power density of ca. 6–85 mW cm−2 previously reported for
uel cells utilizing glass electrolytes [8,11–17]. Fig. 7 shows that
he ohmic resistance decreased to 0.6 � cm2 by using the thinner
00 �m thick NPS glass membrane to substitute the 800 �m thick
embrane.

. Conclusion

In this study, the performance of a fuel cell equipped with a
roton-conducting NPS glass membrane was improved step by
tep. Finally, the H2/O2 single fuel cell with a 500 �m thick NPS
lass membrane released a peak power density of 207 mW cm−2.
ased on this promising output power, such low-cost glass mem-
ranes may  possibly be used as novel proton-exchange membranes

n fuel cells. Another possible application of this kind of membrane
ight be in hydrogen and humidity sensors.
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