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bstract

The homogenous proton conducting WO3/PFSA membranes are prepared based on a dynamic conducting concept, that is, the resistance of the
embrane can be reduced during the fuel cell operation due to the formation of the conducting hydrogen tungsten bronzes. The novel membranes

re characterized by different techniques. The results proved that the resistances of the WO -containing membranes in single fuel cells measured
3

y in situ AC impedance spectroscopy during the operation are significantly lower than that of the single fuel cell using Nafion® 112 membrane.
t is revealed that the performances of the single fuel cells with WO3/PFSA membranes are superior to that of the single cell with Nafion® 112
embrane.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Perfluorosulfonic acid (PFSA) membranes are commonly
sed for the polymer electrolyte membrane fuel cells (PEM-
Cs) [1]. PFSA membranes are relatively strong and stable in
oth oxidative and reductive environments since the structure
f PFSA is based on polytetrafluoroethylene (PTFE) backbone.
he conductivity of a well-humidified PFSA membrane can be
s high as 0.2 S cm−1. However, PFSA membrane must be kept
ydrated to retain proton conductivity. Water loss is anticipated
o have two negative impacts on cell performance. One is that
he membrane proton conductivity is decreased and the second is
hat the shrinkage of the membrane which is expected to degrade
he membrane–catalyst interface. As we known that the main
ontribution to cell resistance is due to the ionic resistivity of
he electrolyte (membrane). One way to improve the water reten-
ion property and substantially the conductivity of the membrane

s to make inorganic/organic composite [2–4]. The fact is that
he conductivities of these inorganic/organic composite mem-
ranes are usually reduced with the increase in the content of
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norganic additives [5–9]. There are only few reports showing
he increase in the conductivity of the PFSA membranes with
he cooperation of the inorganic materials [10,11]. In electro-
hemistry, the increase in the membrane conductivity is highly
ffective to increase the cell voltage output.

Our idea on the synthesis of high conducing membranes is
o add special additives into PFSA ionomer to prepare homoge-
eous composite membrane. These additives can be transferred
o conducting form during the fuel cell operation, that is, the

embrane possesses a dynamic characteristic to increase the
onductivity and consequently the cell performance. Herein,
e report the synthesis of WO3/PFSA membranes. The basic

onsideration is that hydrated WO3 can keep the membrane
oistened to retain the conductivity [12]. Moreover, WO3 can

e transferred to conducting hydrogen tungsten bronze during
he hydrogen oxidation by a spill-over effect to increase the
onductivity dynamically [13–17].

. Experimental
.1. Membrane preparation

The WO3/PFSA membranes were prepared by recasting the
erfluorosulfonic acid ionomer dispersion (EW1000, 10 wt%
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dx.doi.org/10.1016/j.jpowsour.2007.11.022


ower

P
p
b
t
a
p
t
t

d
t
t
3
t

2

2
e

c
(
r
c
f
l
b
m

2

a
d
w
a
t

W

H
w

2

t
u
o
w

2

t
s
1
w
c
t

h
l
s

2

2

h
a
I
l
1
U
w
a
h
s
m
t
p

2

r
u
T
a
8
r

2

t
f
u
T
c
w

3

c
r
e
m
a
e

a
1
3

J. Yang et al. / Journal of P

FSA in DMF, Dongyue Group, China) and the tungsten trioxide
recursor solution. Tungsten-containing solution was prepared
y dissolving 2.5 g tungsten powder in 100 ml aqueous solu-
ion containing 50 ml 30% (v/v) H2O2, 25 ml isopropyl alcohol
nd 25 ml distilled–deionized water. The reaction solution was
ut steadily for 24 h, then, a Pt foil was used to decompose
he excessive H2O2. After filtering the solution, a homogenous
ungsten-containing precursor solution was obtained.

A quantity of the tungsten-containing solution and the PFSA
ispersion were mixed together and stirred at room tempera-
ure for 3 h. The mixture was recast on a flat glass plate and
hen treated by programmed heating in an oven at 50 ◦C for
0 min and followed at 120 ◦C for 2 h and at 135 ◦C for 6 h. The
hickness of these membranes was controlled at about 50 um.

.2. Characterization of the membranes

.2.1. Scanning electron microscopy (SEM) and
nergy-dispersive X-ray spectroscopy (EDX) analysis

The surface and the cross-sectional morphologies of the
omposite membranes were examined on a Quaunta 400F
FEI, Netherlands)/INCA/HKL thermal field emission envi-
onmental scanning electron microscope (FEESEM). For the
ross-sectional SEM samples, the membranes were freeze-
ractured in liquid N2. A low voltage (5 kV) was operated to
ower the electron beam energy and avoid damage to the mem-
ranes. The distributions of the tungsten element along the
embrane surface and cross-section were detected by EDX.

.2.2. Water content of the membranes
The membranes were dried under vacuum at 80 ◦C for 12 h

nd weighted prior to testing. The membranes were immersed in
eionized water at room temperature for 8 h. The external water
as carefully wiped off with a filter paper before weighting

gain. Water uptake differences between wet and dry weights of
he samples were determined by the following equation:

% = W1 − W0

W0
× 100%

ere W0 and W1 are the mass of the membrane before and after
ater absorption.

.2.3. Thermogravimetric analysis (TGA)
Thermogravimetric analysis was carried out to detect the

emperature-programmed decomposition of the membrane
sing TG 209 (NETZSCH Corporation, Germany) at a rate
f 10 ◦C min−1 under N2 atmosphere. The membrane samples
ere in hydrate state before measurement.

.2.4. Proton conductivity measurement
Proton conductivity of the membrane was determined by a

wo-probe AC impedance method using IM6e electrochemical
tation (Zahner-Electrik, Germany) with a frequency range from

Hz to 1 MHz. The AC signal was 10 mV. Membrane samples
ere cut into strips of 1 cm wide and 4 cm long. The conductivity

ell was place in a stainless steel chamber where the tempera-
ure and humidity can be controlled. To maintain a more accurate

p
m
e
C
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umidity for impedance measurement, the samples were equi-
ibrated in the chamber at lest for 12 h before the impedance
pectra were recorded [18–20].

.3. Single PEM fuel cell test

.3.1. Preparation of membrane electrode assembly (MEA)
The membrane electrode assembly (MEA) was prepared by

ot pressing the anode and cathode to the membrane at 10 MPa
nd 135 ◦C for 3 min. Carbon paper (180 �m, Toray Industries
nc., Japan) was used as current collector. The gas diffusion
ayer on the carbon paper was composed of 20 wt% PTFE and
.0 mg cm−2 carbon powder (Vulcan XC-72R, Cabot Corp.,
SA). The active surface area of the MEA was 1.5 cm × 1.5 cm
ith 0.5 mg cm−2 Pt (50 wt%Pt/C, Johnson Matthey) both in

node and cathode. To protect the electron-conducting path by
ydrogen tungsten bronze formed in the membrane, 5% Nafion
uspension (DuPont, USA) was sprayed onto the cathode side of
embrane to form a polymer coating. The MEA was assembled

o a single fuel cell using gold-coated stainless steel as the end
lates.

.3.2. Single fuel cell performance
Performances of the single fuel cells were evaluated by

ecording the current density vs. cell voltage polarization curves
sing the Arbin fuel cell test system (Arbin Instrument, USA).
he singe fuel cell was operated with dry air and hydrogen at
tmospheric pressure from 30 to 60 ◦C. The flow rate of air was
00 ml min−1 and H2 was 1.5× stoich. Polarization curves were
ecorded after the single fuel cell was activated.

.3.3. In situ AC impedance spectroscopic analysis
AC impedance spectroscopic method was used to analyze

he dynamic characteristic of the WO3/PFSA membranes under
uel cell operation. In situ impedance spectra were recorded
nder constant current density on IM6e electrochemical station.
he IM6e instrument was connected to the fuel cell with the
ounter and reference electrodes contacting to the anode and
ork electrode contacting to the cathode [21–23].

. Results and discussion

Fig. 1 shows the SEM micrographs of the surface and
ross-section of 15 wt% WO3/PFSA membrane and their cor-
esponding EDX thermal field emission images for tungsten
lement. The results show that the surface of the composite
embrane is even and dense. The EDX mapping images both

long the surface and cross-section clearly show that the tungsten
lement is uniformly distributed in the composite membranes.

The thermal properties of the WO3/PFSA membrane were
nalyzed by the TG-DTG measurements along with the Nafion®

12 membrane for comparison. The sharp DTG peak at
00–400 ◦C as shown in Fig. 2 is associated with the decom-

osition of the sulfonic acid groups (SO3H) from the PFSA
embranes [24]. At temperatures over 400 ◦C, mass loss for the

ther side chains and Teflonic polymer backbone are observed.
ontrast with the sulfonate loss peak of a pure Nafion membrane,
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ig. 1. SEM micrographs of (a) the surface and (b) cross-section of a 15 wt% W

hich shows a large temperature spread for this decomposition,
he TG-DTG response changes dramatically upon addition of a
O3 component to the membrane. These data suggest that WO3
atalytically removes the Nafion sulfonate groups above 300 ◦C,
process that is possible only if there is a specific molecular

ontact between the sulfonate groups and the WO3 surface.

ig. 2. Thermal gravimetric spectra of (a) 8 wt% WO3 and (b) Nafion® 112
embranes.
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FSA membrane; EDX mapping along (c) the surface and (d) the cross-section.

Water uptake for various membranes is summarized in
able 1. It shows that the water contents in composite mem-
ranes are higher than that of Nafion® 112 membrane. This
ight be attributed to the hydrophilic property of WO3 parti-

les. It should be noticed, however, that the temperatures for the
ecomposition of the sulfonic acid groups is increased for the
O3/PFSA membrane compared with that of the pure Nafion®

12 membrane, indicating the enhancement in the stability of the
ulfonic acid groups. The results suggest that incorporation of

O3 not only improves the water management characteristics
f a PFSA membrane but also enhances the membrane stability
perating at elevated temperature. Conductivity measurements
n freestanding membranes indicate that the composite mem-
rane is slightly less conductive than a pure Nafion membrane
Fig. 3) as we recognized.
Single fuel cells were assembled to investigate the dynamic
haracteristics of the WO3/PFSA membranes. Fig. 4 shows the
erformance of the single cells with 8 wt% WO3/PFSA, 15 wt%
O3/PFSA and Nafion® 112 membranes at 45 ◦C under dry

able 1
harge transfer resistances of Nafion® 112 and 15 wt% WO3/PFSA membranes
t different polarization current densities

urrent density (mA cm−2) Charge transfer resistance (�)

Nafion® 112 15 wt% WO3/PFSA

50 0.535 0.490
50 0.231 0.230
00 0.133 0.131
50 0.094 0.095
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that two membranes have the similar charge transfer behavior.
This further proves that the improvement in the fuel cell per-
formance by using WO3/PFSA membrane is mainly due to the
reduction of the ohmic drop of the membrane.
ig. 3. Proton conductivity at 30 ◦C as a function of relative humidity for dif-
erent membranes.

2/air operation conditions. The performances of the single cells
ith WO3/PFSA membranes are superior to that of the single

ell with Nafion® 112 membrane. Over 30% improvements in
he output power are achieved. It has also been noticed that the
erformance of the single cells with WO3/PFSA membranes is
ven better operating at higher current densities. It is obvious that
he voltage declines down to lower values more quickly at higher
urrent densities for the single cell with Nafion® 112 membrane.
he power density output shows the similar tendency.

The dynamic conductivities of the WO3/PFSA membranes
ere monitored by in situ AC impedance spectroscopy. The

mpedance spectra were measured under polarization of the fuel
ell at different current densities. In situ AC impedance spec-
ra of 8 wt% WO3/PFSA, 15 wt% WO3/PFSA and Nafion® 112

embranes in single fuel cells operating at 150 mA cm−2, 45 ◦C
re compared in Fig. 5. It is obvious that the resistances of the
O3-containing membranes are lower than that of the Nafion®

12 membrane.
Fig. 6 shows the AC spectra of the membranes in fuel

ells operating at different galvanostatic current densities. It

an be seen that the omhic resistances of 15 wt% WO3/PFSA
embrane are lower than that of Nafion® 112 membrane at

orresponding current densities. Table 1 summarizes the charge

ig. 4. Current-voltage curves for single fuel cells with different membranes
t dry H2/air. Tcell = 45 ◦C, PH2 = Pair = 0.025 MPa, 1.5× stoich for H2 and
00 ml min−1 for air, scan rate: 10 mV s−1. (�) 8 wt% WO3/PFSA membrane,
�) 15 wt% WO3/PFSA membrane and (♦) Nafion® 112 membrane.
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ig. 5. Comparison of the in situ AC impedance spectra of the single fuel cells
ith different membranes under dry H2/air at galvanostatic current density of
50 mA cm−2, Tcell: 45 ◦C.

ransfer resistances calculated from the semicircle on the real
mpedance axis both for Nafion® 112 and 15 wt% WO3/PFSA

embranes against current density. As we expected that the
harge transfer resistance degreases with the increase in the cur-
ent density. However, two sets data are very close, indicating
ig. 6. Impedance spectra of single fuel cells at different current densities
ith dry H2/air: (a) Nafion® 112 and (b) 15 wt% WO3/PFSA membranes. (�)
0 mA cm−2, (�) 150 mA cm−2, (�) 300 mA cm−2 and (©) 450 mA cm−2. T:
5 ◦C, frequencies: 0.05 Hz to 10 KHz.
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ig. 7. Plots of the proton conductivity of 15 wt% WO3/PFSA membrane and
afion® 112 membrane against the cell discharging current densities.

Fig. 7 shows the plots of the proton conductivities of the
5 wt% WO3/PFSA membrane and Nafion® 112 membrane
gainst current densities based on the AC impedance spec-
roscopic results. It can be seen that the conductivities of the
5 wt% WO3/PFSA membrane are higher than that of Nafion®

12 membrane in measured current density range. The higher
he discharging current density, the higher the conductivity is.
his means that the ohmic resistance of the 15 wt% WO3/PFSA
embrane is reduced under operation. Compared to the pro-

on conductivity measured at freestanding state (see Table 2), it
learly shows an obvious improvement in the conductivity under
ynamic process. This improvement in proton conductivity for
he WO3/PFSA membranes partially attributes to the spill-over
ffect of WO3 during the hydrogen oxidation on Pt-based cat-
lyst, results in a dynamic characteristic of the WO3/PFSA
embrane to increase the proton conductivity. The oxidation of

ydrogen is a dehydrogenation process. The nascent hydrogen
tom enters the WO3 lattice to form conducting, blue hydrogen
ungsten bronze and consequently increases the conductivity of
he membrane [14,15]. The formation of the hydrogen tungsten
ronze increases the electronic channels in the membrane which
quals to reduce the thickness of the membrane. As we known
hat if simply reduces the thickness of the membrane will loss
ts mechanical strength. The better performance of the 15 wt%

O3/PFSA membrane than that of the 8 wt% WO3/PFSA mem-
rane can be explained mainly due to the formation of the

ontinuous electronic channels. Additional evidence of the spill-
ver effect on the WO3/PFSA membranes is that the membrane
hows blue in color after polarization.

able 2
ater uptake for different membranes

amples Water uptake wt% (room temperature)

wt% WO3 18.7
wt% WO3 20.1
wt% WO3 21.4
5 wt% WO3 21.1

afion® 112 17.3

[
[
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. Conclusion

The results showed that the WO3/PFSA membranes in sin-
le fuel cells have the lower resistances during the operation
ue to the spill-over effect than that of the single fuel cell using
afion® 112 membrane. It is revealed that the performances of

he single cells with WO3/PFSA membranes are superior to that
f the single cell with Nafion® 112 membrane. This work opens
new way to reduce the resistance of the membrane in PEMFCs
y adding active fillers which show a dynamic characteristic to
ncrease the membrane conductivity during the fuel cell opera-
ion. It is extremely important for the fuel cells operating at high
urrent densities since the lower membrane resistance results in
ower voltage loss.
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