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bstract

A novel Pt/zeolite–Nafion (PZN) polymer electrolyte composite membrane is fabricated for self-humidifying polymer electrolyte membrane
uel cells (PEMFCs). A uniform dispersion of Pt nanoparticles with an average size of 3 nm is achieved by ion-exchange of the zeolite HY.
he Pt nanoparticles embedded in the membrane provide the catalytic sites for water generation, whereas the zeolite HY-supported Pt particles
bsorbs water and make it available for humidification during cell operation at elevated temperature. Compared with the performance of ordinary
embranes, the performance of cells with PZN membranes is improved significantly under dry conditions. With dry H and O at 50 ◦C, the PZN
2 2

embrane with 0.65 wt.% of Pt/zeolite (0.03 mg Pt cm−2) gives 75% of the performance obtained at 0.6 V with the humidified reactants at 75 ◦C.
mpedance analysis reveales that an increase in charge-transfer resistance is mainly responsible for the cell performance loss operated with dry
ases.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Polymer electrolyte membrane fuel cells (PEMFCs) have
ttracted strong attention as next-generation power sources for
obile, portable and residential applications [1–3]. Currently,
EMFC systems employ perfluorosulfonic acid membranes,
uch as Nafion produced by Du Pont, as an electrolyte mem-
rane. In order to maintain high proton conductivity in the
embrane, it should be in hydrated state at the operating tem-

erature because of the hydrophilic nature of the sulfonic acid
roups attached to the polymer backbone [4,5]. This is gener-
lly achieved by humidifying reactant gases prior to their entry
nto the cell and by using the water produced in the cell reac-
ion. Since an external humidification method makes the system
omplicated and decreases the energy efficiency, operation of a
EMFC without a humidification sub-system is considered as

ne of the most promising application technologies. Therefore,
urrent research efforts are focused on endowing the membrane
ith a self-humidification ability [6,7].

∗ Corresponding author. Tel.: +82 2 2123 5753; fax: +82 2 312 6401.
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To maintain the level of water content in the membrane during
ell operation with dry reactants, the preparation of a compos-
te membrane containing Pt particles has been proposed. In this
ase, the self-humidifying action essentially involves three steps,
amely: (i) permeation of H2 and O2 through the membrane;
ii) internal absorption of reactant gases on embedded Pt parti-
les; (iii) recombination of internally absorbed H2 and O2 on Pt
atalytic sites [8]. Several methods have been proposed to incor-
orate Pt particles into a Nafion membrane. One approach is to
isperse Pt nanocrystals in the membrane by the equilibrium
mpregnation reduction method [9,10]. This procedure involves
ntrinsic problems such as the presence of a considerable amount
f residual impurities and the difficulty in controlling the Pt
oading. Platinum particles have also been prepared by the sput-
ering method [11]. Liu et al. [12] produced a self-humidifying
omposite membrane by casting a mixture of Nafion solution
nd Pt/C or Pt black catalyst on to a porous PTFE film. Unfortu-
ately, however, the presence of Pt or Pt/C through the membrane
ontributes to the formation of an electron conducting path and

ncreases the risk of short-circuit formation and fire within the
uel cell [13].

The self-humidification performance of membranes has been
mproved further by introducing hygroscopic materials such as

mailto:elchem@yonsei.ac.kr
dx.doi.org/10.1016/j.jpowsour.2006.11.090
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rP, SiO2 and TiO2 [9,14–16]. These materials are expected
o retain the water produced at the Pt particles that results in
nhanced cell performance under non-external humidification.
espite the positive effect of hygroscopic materials, their con-

entration and distribution in the membrane remained critical in
rder to obtain optimum cell performance.

In an attempt to overcome the problem of humidification
nder dry gas conditions, we have proposed a novel Pt/zeolite–
afion (PZN) self-humidifying membrane. Zeolite is a micro-
orous crystalline solid with a well-defined structure which
onsists of silicon, aluminum and oxygen. It has been widely
sed as a non-conducting catalyst support because the ion-
xchange capability of zeolite makes it possible to synthesize
anoscale metal particles [17,18]. In addition, the zeolite mate-
ial contains acidic protonic entities on its surface, which makes
t more hydrophilic than carbon [19]. Therefore, it is expected
o behave also as a water reservoir. Nafion–zeolite composite

embranes have been studied earlier for their molecular-
ieving properties and selective transport of hydrogen ions over
ethanol molecules [20]. On the other hand, they have rarely

een applied for the self-humidification of PEMFCs. In the
resent work, a novel Pt/zeolite–Nafion composite membrane is
abricated and demonstrated for as a means for self-humidifying
EMFCs. The effect of Pt/zeolite loading and performance of the
embrane with respect to the operating conditions are discussed

n detail.

. Experimental

.1. Membrane preparation

For Pt-exchanged zeolites, 3 g of zeolite HY was washed
ith 800 cm3 of de-ionized water and dried at 383 K for 2 days.
he zeolite powder was then dispersed in 1000 cm3 of water
nd a calculated amount of aqueous solution of PtCl4 was added
rop-wise with stirring to obtain a catalyst with the desired metal
oading (10 wt.%). Stirring was continued for 10 h and reduction
f the incorporated Pt complex within the zeolite was carried out
sing 0.1 M NaBH4. After 10 h of stirring, the platinized zeolite
ample was filtered and dried under a flow of nitrogen at 383 K.
he resulting power sample was then added to calculated vol-
mes of 15 wt.% Nafion solution. The solution was then mixed
ltrasonically to form a homogeneous ink. The suspension was
sed to cast the membrane and subsequently dried in a vacuum
ven at 80 ◦C to obtain complete evaporation of the solution.
he thickness of the composite membranes was controlled to
bout 50 �m. For simplification, the formed Pt/zeolite–Nafion
omposite membrane is denoted as PZN.

.2. Membrane-electrode assembly fabrication

A commercial E-TEK electrode (30 wt.% Pt/C, 0.5 mg cm−2)
as used as both the anode and the cathode for all tests
n order to eliminate experimental errors that may originate
rom electrode preparation steps. Prior to preparation of the
embrane-electrode assembly, a total of 0.8 mg cm−2 of Nafion

olution was applied to each E-TEK electrode by means of spray

o
i
a
i
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echnique. The Nafion-impregnated electrodes and the prepared
ZN composite membrane were hot-pressed at 120 ◦C for 3 min
t a pressure of 3 t to form a membrane-electrode assembly
MEA).

.3. Cell operation and performance

The performance of the cell was evaluated by measuring
he current density versus cell voltage using a commercial test
ystem (Wonatech). Hydrogen and oxygen reactant gases were
upplied to the cell from storage tanks via mass-flow controller
nd without humidification. The operation temperature was var-
ed from 30 to 75 ◦C.

.4. Analysis of composite membrane characteristics

The electrochemical responses of the MEAs prepared with
ZN membranes with respect to the different humidification
onditions were characterized with an impedance analyzer (IM6
Zahner Co.)). The frequency was varied from 10 mHz to
00 kHz and the ac signal amplitude was 10 mV. The reference
nd counter electrodes were connected to the anode at which
ydrogen oxidation takes place and the anode was linked to the
athode.

Water uptake was measured by weighing the membrane after
mmersion in de-ionized water for 10 h. The samples were
eighed after drying in a vacuum oven at 90 ◦C for 10 h. The
ater content was estimated by the difference in weight.
The particle size of the Pt/zeolite was determined by means

f high-resolution transmission electron microscopy (HR-TEM,
EM-30100 model). Energy dispersive analysis by X-rays
EDAX) was used to determine the ratio of Pt in the zeolite.

Infrared absorbance measurements were carried out, using
n FT-IR spectrometer (BOMEM DA8), on the self-humidified
ZN composite membrane and the fully-dried PZN membrane

n order to verify the presence of water produced by the recom-
ination of hydrogen and oxygen permeated from the anode and
he cathode.

. Results and discussion

The particle size and distribution of Pt in the zeolite HY was
tudied using HR-TEM. Images observed at different magnifi-
ations are presented in Fig. 1, together with images of pure
eolite for comparison. As shown in Fig. 1(a and b), pure zeolite
Y is found to have a structure that is composed of a uniform
orous network. From a low-magnification image with 10 wt.%
t loading (Fig. 1(c)), uniformly dispersed Pt particles of almost

he same size are clearly observed in the zeolite HY. Further
nalysis at high magnification (Fig. 1(d)) reveals a clear dif-
erence in the microstructure of the Pt/zeolite composite. The
verage particle size of Pt in the Pt/zeolite composite is found
o be around 3–4 nm. This dimension is much smaller than that

f Pt black. Most importantly, no agglomeration of Pt particles
s found. The Pt content in the Pt/zeolite was studied by EDAX
nd found to be approximately 10 wt.% (see Table 1), which is
n agreement with the targeted value.
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effect is confirmed by examining the open-circuit voltage (OCV)
because a cell with less fuel and oxidant crossover leads to a
higher OCV value. It is obvious that the cell with a 0.65 wt.%
ig. 1. HR-TEM images of zeolite HY (a and b) and Pt/zeolite powder with 10

The water generation capability of the PZN composite mem-
rane was tested under completely dry conditions. The PZN
omposite membrane was dried in a vacuum oven at 90 ◦C for
days and then placed between two gas-diffusion layers in the

uel cell. Dried hydrogen and oxygen gases were supplied to the
uel cell test station at ambient pressure and room temperature
or 10 days. After that, infrared absorption measurements were
arried out for this PZN composite membrane and the fully-
ried PZN membrane for comparison. As shown in Fig. 2, a
haracteristic peak for H–O–H bending at 1600 cm−1 and broad
ater sorption bands over the hydroxyl-stretching region at 3500

nd 3600 cm−1, which are typically observed when zeolite HY
s exposed to water molecules, are found only for the PZN
omposite membrane operated with dry H2 and O2 [11,21]. As
videnced by the IR absorption spectra, the presence of water
olecules due to the catalytic recombination of hydrogen and

xygen gases confirms the self-humidifying capability of the
ZN composite membrane.

The polarization curves of cells with PZN membranes and

afion 112 membrane operated under fully-humidified condi-

ions at 75 ◦C are given in Fig. 3. While the PZN membrane
xhibits a slightly lower performance than Nafion 112, the per-
ormance of the cells using 0.65 wt.% Pt/zeolite exceeds that

able 1
DX analysis for Pt/zeolite powder

lement (wt.%) Pt Al Si O

9.84 9.62 37.17 43.37

F
a
1

Pt loading (c and d) at different magnifications of 100 and 500 K, respectively.

f the cell using a Nafion 112 membrane. This is attributed
o the fact that the Pt/zeolite particles in the self-humidifying
omposite membranes can effectively consume reactant gases
ermeated through membrane by a recombination reaction and
hereby alleviate the mixed potential problem associated with
he crossover of the reactants. Therefore, the cathode overpo-
ential is lowered and the cell performance is improved. This
ig. 2. Infrared absorbance spectra of dried Pt/zeolite membrane (straight line)
nd Pt/zeolite membrane operated with dried H2 and O2 without electrodes for
0 days at room temperature (dashed line).
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ig. 3. Polarization characteristics of MEAs fabricated with Nafion 112 and
ZN composite membrane with 0.65 wt.% Pt/zeolite operated with external
umidification at 75 ◦C and 1 atm pressure.

t/zeolite membrane has a higher OCV than a cell with a Nafion
12 membrane.

In order to study the effect of Pt/zeolite loading on the abil-
ty to effect self-humidification, polarization curves of the PZN
omposite membrane with varying Pt loadings were measured
nder no external humidification at 50 ◦C. The results are pre-
ented in Fig. 4 for an increase in the weight percentage of
t/zeolite from 0.22 to 1.5 wt.% in the PZN composite mem-
rane. In the low current density region, the cell performances
re almost identical. By contrast, discrepancy is noticeable in
he high current density with increasing Pt/zeolite loading. It
s conclude that a PZN membrane with 0.22 wt.% of Pt/zeolite
0.01 mg Pt cm−2) cannot provide sufficient catalytic sites for
he recombination reaction to produce water. When the amount
f Pt/zeolite embedded in the membrane is more than 1.5 wt.%

0.07 mg Pt cm−2), the cell performance is reduced due to the
egative effect of an increase in membrane resistance. In gen-
ral, as the amount of Pt particles in the membrane increases,

ig. 4. Polarization curves of single cell using PZN membranes with various
t/zeolite loadings measured at 50 ◦C and 1 atm with dry H2 and O2.
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he resistance of the composite membrane increases due to hin-
rance of proton conduction within the membrane [22]. The PZN
embrane with 0.65 wt.% Pt/zeolite (0.03 mg Pt cm−2) displays

igher performance and lower cell resistance than the others.
ith dry H2 and O2, it provides about 75% of the performance

btained with humidified reactants. In this work, the amount of
equired Pt is quite small to provide satisfactory proton conduc-
ivity without external humidification in comparison with the
ther approaches.

For a self-humidifying membrane to exhibit good perfor-
ance in a fuel cell, the catalyst loading, size and the distribution

f the catalyst are important factors. If the preparation method
f Pt particles is not properly selected, the particles will coa-
esce and grow larger. This results in a decrease in the active
rea of the catalyst and thereby causes a reduction in the cat-
lytic efficiency of the recombination of hydrogen and oxygen.

hen fine Pt particles were coated by a sputtering method, the
ptimum amount of Pt particles embedded in the membrane for
he self-humidification was reported to be about 0.15 mg cm−2

22]. With the equilibrium impregnation reduction method,
.09 mg cm−2 of Pt was used for the self-humidification mem-
rane [9]. The loading was reduced further to 0.06 mg cm−2

y employing Pt/C in which Pt particles were supported by
arbon of high surface-area [12]. There still exists, however,
strong possibility of the formation of an electron-conducting
ath via a network of dispersed Pt particles. This would result
n non-uniform water generation, that would cause localized
rying of the membrane with a high resistance for proton trans-
er and therefore hot spots at elevated temperature. With a
t/zeolite-embedded membrane, there is no possibility to cre-
te an electrical path through the membrane since the zeolite
sed as a catalyst support is a non-conducting material. Plat-
num particles of less than 3 nm prepared by the ion-exchange
rocess of zeolite allow a high active surface-area of catalyst to
e obtained that results in a reduction in the amount of Pt used.

A comparison of the water uptake of PZN membranes is given
n Table 2. Higher water uptake is observed with increasing con-
ent of Pt/zeolite in the membrane, despite the lower content of
afion resin. This is due to the water absorbency of zeolite in the

omposite membranes. Whereas the PZN composite membrane
ell shows reasonable performance and proton conduction under
elf-humidifying conditions, it supports the idea of water gener-
tion by the catalytic recombination reaction on Pt and retention

f water by zeolite in PZN composite membranes.

Electrochemical impedance spectroscopy (EIS) was used to
tudy the change in resistance of the self-humidifying PZN com-
osite membrane as a function of Pt/zeolite loading with and

able 2
ater uptake as function of Pt loading in Pt/zeolite Nafion composite self-

umidifying membrane

embrane Water uptake (%)

afion 112 6.3
.22 wt.% PZN membrane 10.4
.65 wt.% PZN membrane 15.2
.50 wt.% PZN membrane 38.6
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ig. 5. Nyquist plot of PZN membranes for various Pt/zeolite loadings at 75 ◦C
nd 1 atm pressure with external humidification.

ithout external humidification. A Nyquist plot for the resis-
ance of the humidified PZN composite membrane is shown in
ig. 5. The intercept of the semi-circle at high frequency might
e attributed to the internal distributed ohmic resistance and the
harge-transfer resistance is indicated by the diameter of the arc.
o significant change in the ohmic resistance of the membrane

s observed. The external humidification already supplies water
or the required rate of proton conduction through the membrane
nd hence under external humidifying conditions, the resistance
f all the composite membranes is nearly 0.22–0.25 � cm2.

When cells previously operated using humidified gases are
perated using dry gases, the ohmic resistance of membrane
ncreases slightly due to the lack of water, as shown in Fig. 6.
he ohmic resistance with a loading of 0.65 wt.% Pt/zeolite is

he lowest, i.e., approximately 0.33 � cm2 whereas for other
oadings, resistance is more than 0.62 � cm2. This result is in

ccordance with that of the polarization curves in Fig. 4. It is
bserved that both the lower and higher limits of Pt loading cause
ncrease in the resistance of the membrane, which indicates that
he 0.65 wt.% Pt/zeolite is the optimum loading of Pt for gen-

ig. 6. Nyquist plot of PZN membranes with respect to Pt loading operated at
0 ◦C and 1 atm pressure under dry conditions.
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ig. 7. Polarization curves of MEA using PZN composite membrane (0.65 wt.%
t/zeolite) measured at different operating temperatures without external humid-

fication.

rating the water required for hydrogen and oxygen catalytic
ecombination to form water in a self-humidifying PZN mem-
rane during fuel cell operation. Other than increasing the ohmic
esistance, the increase in the diameter of the low-frequency arc
hat represents the charge-transfer resistance is responsible for
he major contribution to the increase in cell resistance. For a
ZN membrane with 0.65 wt.% Pt/zeolite, the charge-transfer
esistance increases by 0.78 � cm2 while the ohmic resistance
ncreases by only 0.11 � cm2. These results can be explained
y taking into account the fact that the contact area between
he polymer electrolyte and the catalyst in the catalyst layer is
ecreases due mainly to constriction of the polymer electrolyte
s the membrane dehydrates. This leads to a decrease in the area
f electrolyte that covers the platinum catalyst. Consequently,
he reaction area decreases [12]. The transport of protons tends to
ccur with difficulty and gives rise to an increase in the interfacial
harge-transfer resistance of the cell. Based on this observa-
ion, it is reasonable to conclude that increase in charge-transfer
mpedance is the dominating factor that causes poor fuel cell
erformances under dry conditions.

The cell performance of a PZN composite membrane at
ifferent operating temperatures without any external humidi-
cation is presented in Fig. 7. With increasing cell temperature,

he cell performance is enhanced due to the improved kinetics of
he cell reaction and better proton transport. When the tempera-
ure is raised to 60 ◦C, a dramatic decrease in cell performance
s observed. It is considered that water loss due to vaporization
verwhelms the benefit of kinetic improvement at higher tem-
eratures and leads to dehydration of the MEA and a decrease
n cell performance.

. Conclusions
In this work, a novel Pt/zeolite-embedded Nafion polymer
lectrolyte (PZN) is proposed as a self-humidifying membrane
or PEMFCs. The particle size of the Pt is found to be around
nm by HR-TEM studies. The particles are prepared by ion-
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xchange of zeolite HY. Zeolite is employed not only as a
on-conducing support for holding Pt particles to prevent an
lectrical short-circuit in the membrane, but also as a water
etention material. Based on the results of FT-IR and water
ptake experiments, the excellent cell performance of the PZN
embrane under dry conditions is attributed to a recombina-

ion reaction of hydrogen and oxygen on the surfaces of the
t particles, together with maintenance of the water level by

he zeolite due to its hygroscopic property. Impedance anal-
sis reveales that an increase in charge-transfer resistance is
ainly responsible for the loss in cell performance when dry

ases are used. With dry H2 and O2 at 50 ◦C, a PZN membrane
ith 0.65 wt.% of Pt/zeolite (0.03 mg Pt cm−2) shows 75% of

he performance obtained at 0.6 V with humidified reactants
t 75 ◦C.
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