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bstract

Composite membranes with hydrophilic substances can retain water and allow the operation of proton exchange membrane fuel cells (PEMFCs)
nder non-humidified conditions. In this work, thin Nafion composite membranes with silica are prepared to operate a PEMFC with dry fuel and
xidant. In addition, the role of silica in the catalyst layer as a water retainer is studied. In particular, the anode and the cathode are modified

eparately to elucidate the effect of silica. The incorporation of silica in the membrane and the catalyst layer enhances single-cell performance
nder non-humidified operation. The cell performance of membrane–electrode assemblies using the composite membrane and electrode is higher
han that of a MEA using commercial Nafion 111 membrane under non-humidified conditions.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Polymer electrolyte membrane fuel cells (PEMFCs) are con-
idered to be promising energy generators for future vehicles and
ortable devices [1]. Nafion-type perfluorosulfonic acid poly-
ers are used widely as the electrolyte due to their favourable

hemical, mechanical and thermal stability [2]. The membranes
ave to be hydrated in order to achieve good proton conductivity.
herefore, they are usually humidified by means of an external
ystem. For simplicity and compactness, therefore, operation of
uel cells without external humidification is essential [3].

There are numerous reports for the operation of PEM-
Cs under dry conditions [3–10]. Among them, the use of
elf-humidifying membranes that are made by incorporating

norganic materials into proton conducting polymers is currently
f interest [7,9,10]. It is believed that inorganic particles such
s SiO2, TiO2 and ZrO2, when added to the membrane act as
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ater absorbers and can provide sufficient proton conductivity
y keeping the membrane in a well-hydrated state under low
umidity or dry conditions. Some authors [3,11–14] have intro-
uced Pt along with inorganic particles to generate water in
he membrane. Also, if a fuel cell is operated under dry condi-
ions, the water generated by the electrochemical reaction is the
nly source of humidification. So, the effective management of
roduct water in the cell is very important. With proper design
nd operation of a PEMFC, excellent water management can be
chieved [15].

In this work, non-humidified operation of a fuel cell is
chieved by using a thin composite membrane and a com-
osite electrode that are modified with silica. Generally, the
atalyst layer and membrane on the anode side are dehydrated
uring dry operation, whereas the cathode side is hydrated by
roduct water. This water can diffuse back to the anode side,
specially in the case of thin membranes. Previous work [16]

n non-humidified operation using thin membranes showed an
mproved cell performance due to enhancement of water back-
iffusion. On the other hand, the application of a thin membrane
auses high gas cross-over and subsequent degradation in cell

mailto:hjkim25@kist.re.kr
dx.doi.org/10.1016/j.jpowsour.2007.02.047
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erformance. Recently, Ahn et al. [17] operated single cells
nder a dry condition using membrane–electrode assemblies
MEAs) with different equivalent weight ionomers incorpo-
ated in the electrodes. It was found that the low equivalent
eight ionomer exhibited better performance by retaining more
ater molecules in electrodes. Consequently, in the approach

dopted here, it is planned to add water-retaining silica parti-
les in both the catalyst layer and the membrane to keep them
n a well hydrated state. The electrochemical behaviour of sin-
le cells using this technique is studied under non-humidified
onditions.

. Experimental

.1. Preparation of silica–Nafion composite membrane

The silica–Nafion composite membrane was prepared with
etraethylorthosilicate (TEOS) and 20 wt.% Nafion (Dupont
louroproducts). The TEOS was hydrolyzed with 0.1 M HCl
olution. The solution was mixed with 20 wt.% Nafion solution
nd stirred for 2 h to obtain a silica–Nafion composite mixture.
he solution was cast on a glass plate, dried at 60 ◦C for 3 h, and

hen heated at 130 ◦C for 3 h to obtain the composite membrane.
ith this procedure, composite membranes with different TEOS

ontents were prepared. The membranes were treated by succes-
ive boiling for 1 h in 5% H2O2, 0.5 M H2SO4 and water to obtain
he acid form of the membranes. Also, a recast Nafion membrane
hat was not modified with silica was prepared using the same
rocedure, to serve as a reference material. The thickness of all
embranes was about 32 ± 2 �m in the dry state.

.2. Preparation of membrane–electrode assemblies
MEAs)

The catalyst inks for the electrodes were prepared by mixing
0 wt.% Pt/C (E-Tek Inc.), 5 wt.% Nafion solution (Dupont) and

sopropyl alcohol (Baker HPLC grade reagent). The catalyst inks
ere sprayed on to the pretreated composite membrane, which
ad a platinum loading of 0.3 and 0.4 mg cm−2 in the anode
nd the cathode, respectively. The catalyst-coated membrane

b
m
t
a

Fig. 1. Scanning electron micrographs of (a) surface and (b) cross-sec
r Sources 167 (2007) 325–329

CCM) was dried overnight at 50 ◦C. The same procedure was
sed to make the MEAs employ recast Nafion or Nafion 111
embranes.
The catalyst layer with silica was prepared by mixing silica

ol, which was prepared from hydrolysis of TEOS, and then was
prayed on the membrane. The silica content in the catalyst layer
as varied from 0 to 10 wt.% (relative to the Nafion content in

he catalyst layer).

.3. Analysis of MEA and single-cell tests

Single cells were assembled with CCM, gas-diffusion media
Sigracet GDL 30 BC), Teflon gaskets, and graphite blocks.
ydrogen and oxygen were fed to the anode and the cathode,

espectively, at the same flow rate of 400 cm3 min−1 under ambi-
nt pressure. When using air as the oxidant, the flow rate of air
as fixed at 1500 cm3 min−1.
Before operating the cell using dry reactants, the cell was acti-

ated at 80 ◦C under 100% humidified conditions at the anode
nd the cathode. The cell was operated in a galvanostatic mode
t 1 A cm−2 for 5 h under the above conditions. Then, the cell
emperature was decreased to ambient temperature and oper-
ted with dry reactants at 1 A cm−2 for 24 h before recording
he current–voltage (i–V) characteristics of the MEAs.

The impedance of the single cells was measured by means
f a.c. impedance spectroscopy. The instrument (Zahner elec-
ric IM6) was used in a potentiostatic mode at 0.8 V with an
mplitude of 5 mV from 10 mHz to 10 kHz.

The surface and cross-section of each composite membrane
as examined with a scanning electron microscope (SEM).

. Results and discussion

.1. Effect of silica in composite membrane

A SEM micrograph of the silica–Nafion composite mem-

rane that was prepared with 10 wt.% TEOS in the Nafion
embrane is presented in Fig. 1. The silica particles are dis-

ributed uniformly on the surface and have an average size of
round 220 nm.

tion of silica–Nafion composite membrane with 10 wt.% TEOS.
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ig. 2. i–V characteristics of single cells operated at 34 ◦C using MEAs with

2/air.

To observe the effect of silica on cell performance under
on-humidified conditions, the silica content was varied in the
omposite membrane. The single-cell performance of MEAs
nder non-humidified conditions using composite membranes
ith various amount of silica (2, 5 and 10 wt.%) is shown in
ig. 2. From the i–V curve, it is observed that the composite
embrane displays a higher cell performance than that obtained
ith the pristine recast Nafion membrane. As the silica content is

ncreased, however, the cell performance decreases. This is due
o the fact that a high silica content in the membrane increases its
esistance and eventually reduces its proton conductivity, which
as further confirmed by impedance analysis. The impedance

pectra of single cells operated using composite membranes with
arious silica contents are illustrated in Fig. 3. The data show that
he ohmic resistance of composite membranes is slightly higher
han that of the pristine recast Nafion membrane, which is due
o the resistance caused by the inorganic particles in the com-

osite membrane. Also, the charge-transfer resistance increases
onsiderably as the silica loading is increased in the composite
embranes because of the same reason.

ig. 3. a.c. impedance spectra of single cells using MEAs with various silica
ontents in the composite membrane under dry conditions.
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s amounts of silica in the composite membrane under dry (a) H2/O2 and (b)

.2. Effect of silica in anode catalyst layer

During dry operation of a single cell, the anode catalyst layer
ecomes more dehydrated than the cathode and it is therefore
ssential to keep water in the anode side [4]. To determine
he efficacy of silica as a water retainer, it was added to the
node catalyst layer. The silica–Nafion composite membrane
ith 2 wt.% TEOS, which showed the best cell performance
nder non-humidified conditions (Fig. 2), was used for the MEA
abrication. The single-cell performance of MEAs with various
mounts of silica in the anode catalyst layer (1, 5, and 10 wt.%
elative to the Nafion content in the catalyst layer) is presented
n Fig. 4. With H2/O2 operation, the cell performance of the

EA with 1 wt.% TEOS in the anode layer was similar to that
f the MEA without silica in the anode layer. Also, the cell per-
ormance decreases as the silica content is increased (Fig. 4(a)).

hen H2/air is used for the operation (Fig. 4(b)), however, the
erformance of the MEAs with 1 wt.% TEOS in the anode layer
s lower in the low current density region and higher in the high
urrent density region than that of MEA without silica incorpora-
ion. Because thin membranes were used for both MEAs, it was
xpected that water back-diffusion would be very active in both
ases. In fact, however, the back-diffused water is retained by sil-
ca particles in anode layer and thus maintains a well-hydrated
tate, which results in an improvement in performance in the
igh current density region. On the other hand, when the silica
ontent is increased in the anode side, the performance decreases
t all current densities. This is mainly due to the charge-transfer
CT) resistance associated with the mass transport (MT) prob-
em caused by a high amount of silica in the catalyst layer. The
mpedance spectra of single cells with various amounts of silica
n the anode layer are presented in Fig. 5. The MEA with a high
ilica content (10 wt.% TEOS) exhibits a large CT resistance,
hich confirms the i–V characteristics in Fig. 4.

.3. Effect of silica in cathode catalyst layer
To observe the effect of silica in the cathode catalyst layer,
ingle cells were operated using MEAs with various contents of
ilica in the cathode. A silica–Nafion composite membrane with
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Fig. 4. Polarization curves of cells operated at 34 ◦C using MEAs with various amounts of silica in anode catalyst layer under dry (a) H2/O2 and (b) H2/air.
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ig. 5. Effect of silica in anode catalyst layer on impedance characteristics of
ingle cells operated under non-humidified conditions.

wt.% TEOS was used as the membrane for MEA fabrication.

ompared with the influence of silica in the anode layer, the

ilica in the cathode layer results in a decline in performance,
ven with small amount of silica. This implies that silica plays a

s
s
v

Fig. 6. i–V curves of single cells operated at 34 ◦C using MEAs with various amo
ig. 7. Effect of silica in cathode catalyst layer on impedance characteristics of
ingle cells operated under non-humidified conditions.

egative role in the cathode layer, as the water produced there is

ufficient to humidify the catalyst layer (Fig. 6). The impedance
pectra of single cells are depicted in Fig. 7 and demonstrate a
ery high ohmic resistance as well as a mass-transport resistance.

unts of silica in cathode catalyst layer under dry (a) H2/O2 and (b) H2/air.
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Fig. 8. Comparison of single-cell performances of differen
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ig. 9. a.c. impedance spectra of single cells with different MEAs under dry
onditions.

Finally, the cell performance of composite membranes was
ompared with a commercial Nafion 111 membrane, as shown
n Fig. 8. The cell performance of the commercial Nafion 111

embrane is lower than that of the composite membrane and
he composite electrode. The commercial Nafion 111 membrane
oes not retain water under non-humidified conditions and the
henomenon is more prominent when air is employed as the oxi-
ant. This strongly demonstrates the water-retaining capabilities
f the composite membrane and the electrode for dry operation.
he impedance spectra of single cells are given in Fig. 9. MEAs
ith a composite membrane and a composite anode layer show

ower resistances than that of a MEA with a Nafion 111 mem-
rane. In case of the Nafion 111 membrane, the charge-transfer
esistance is very high because of reduced proton conduction
hrough membrane due to insufficient water in the membrane
nder dry conditions.
. Conclusions

Silica–Nafion composite membranes have been prepared
sing a solution-casting process. The single cells are operated

[

[

t MEAs at 34 ◦C under dry (a) H2/O2 and (b) H2/air.

nder non-humidified conditions with a composite membrane
nd an electrode which are modified with silica. The role of
ilica as a water retainer in the membrane, as well as in the
atalyst layer is studied by varying the amount of silica. Sil-
ca in the anode catalyst layer has a more prominent effect on
ell performance than that in the cathode catalyst layer under
ry conditions. This implies that the silica prevents anode dehy-
ration by retaining more water during dry operation, and the
EA with a composite membrane and electrode displays higher

erformance than a pristine MEA with a Nafion 111 membrane
nder dry conditions, which reflects the water-retaining capacity
f silica.
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