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a b s t r a c t

The effect of the ionomer content in the catalyst layers of both the anode and the cathode with the black
catalyst on the performance of a passive DMFC was investigated in order to increase the power output
of the passive DMFC. In situ cyclic voltammetry has been carried out to evaluate the electrochemically
active surface area, ECSA and the catalyst utilization. Under the passive conditions, ionomer content had
a significant effect on both the mass transport and the ECSA. The optimum ionomer content was affected
by the operating current density whether at anode or at cathode. Under low current density region, i.e.,
activation over voltage region, 20 wt.% showed the highest performance at the anode and the cathode,
lack catalyst
afion ionomer content
CSA
atalyst utilization

and the cell performance in this region was varied in accordance with the results of the ECSA. Under high
current density region, i.e., mass transport over voltage region, lower ionomer content, 10 and 15 wt.%,
had the highest cell performance at the anode and the cathode, respectively. The decrease in the optimum
ionomer content at high current density was related to the low mass transport of methanol at the anode,
and the flooding at the cathode at the high ionomer contents. The optimum ionomer content whether at

20 wt
ition
anode or at cathode was
and 25% at optimum cond

. Introduction

There is a great interest in the development of direct methanol
uel cells (DMFCs), because of their high theoretical energy density
hat is suitable for mobile electric devices and automobiles. How-
ver, the commercialization of the DMFC was hindered by many
bstacles such as the methanol crossover, MCO and the high over
oltage at the electrodes [1–5]. The microstructure of the catalyst
ayer plays a key factor in fuel cell performance. The reaction and
he mass transport as well as ohmic over-voltages of the DMFC
re affected by the ionomer content in the catalyst layer where
he ionomer prepares the active reaction sites, the so-called three-
hase boundary, by contacting it with the catalyst particles. In
his three-phase boundary layer, the ionomer layer acts as chan-
els for ion transport between the membrane and the reaction
ites, while the open pores act as channels for the mass trans-
ort of the reactants and/or products to or from the reaction sites,
espectively. With increasing the ionomer content, the channels
or proton transport increase but the open pores available for mass

ransport decrease.

The addition of the ionomer affects the number of reaction sites,
here hydrogen protons are generated or consumed, and the chan-
els for the ionic path based on the mixing and the distribution

∗ Corresponding author. Tel.: +81 277 30 1458; fax: +81 277 30 1457.
E-mail address: nakagawa@cee.gunma-u.ac.jp (N. Nakagawa).
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.%, from the power density point of view. The catalyst utilization was 10%
s at the cathode and the anode respectively.

© 2010 Elsevier B.V. All rights reserved.

structures of the catalyst with the ionomer. These structures deter-
mine the effective ionic conductivity of the catalyst layer and the
number of effective reaction sites.

At the same time, the addition of the ionomer affects the mass
transport whether to or from the reaction active sites or to the
electrolyte membrane. With the increasing ionomer content, the
catalyst utilization will increase. A further increase in the ionomer
content results in the formation of a thick ionomer layer on the
catalyst, thereby the access of the reactants or the products to or
from the active sites decreases, therefore, the catalyst utilization
decreases. Hence, there is an optimum ionomer content which is
a compromise among the high number of effective reaction sites,
the high effective ionic conductivity and the low mass transport
resistance [6–10]. Moreover, the ionomer content influences the
hydrophobic and hydrophilic pore distribution in the catalyst layer
so its content affects the transport of the liquid and gas phases [11].

In a PEMFC, many studies have been carried out to investigate
the optimum ionomer content [6–15]. The best results have been
reported at different ionomer loadings by different researchers, and
it generally ranged from 30 to 40 wt.% of the catalyst loading.

The optimum ionomer content in the catalyst layer of DMFC is
considered to be different from that in the PEMFC because of the

high mass transport resistance. At the anode of DMFC, methanol
has a low diffusion coefficient, compared to that of hydrogen gas
in the PEMFC, as well as the difficulties of the releasing of the CO2.
At the cathode, MCO, in DMFC, not only causes a mixed potential
and flooding, but also consumes the oxygen required for the oxy-

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:nakagawa@cee.gunma-u.ac.jp
dx.doi.org/10.1016/j.jpowsour.2010.04.070
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Table 1
List of the previous studies that investigated the optimum ionomer content in the catalyst layer for the DMFC.

Electrode Catalyst Preparation method Catalyst
loading
(mg cm−2)

Conc. (M) Temp. (K) Operation
mode

Optimum NAF
(wt.%)

Ref.

Anode PtRu black (1:1) C paper treated – 2 M 383 Active 36 Chu et al. [16]
Decal 2+/−0.3 1 M 353 Active 6.5 Thomas et al. [17]
Decal 3.9 1 M 353 Active 7 Dohle et al. [18]
– 3 2 M 353 Active 4 Kim et al. [19]
Decal/CCM 3 1 M 348 Active 15 Zhao et al. [26]

PtRu (53%)/C – 3 2 M 353 Active 60 Kim et al. [19]
PtRu (40%)/C CCM 1 1 353 Active 25 Krishnamurthy et al. [20]
Pt40 Ru20/CNT C cloth, vacuum filtration 4 1 M – Active 63 Jeng et al. [25]
PtRu (60%)/C Decal 2 1 M 343 Active 20–40 Wannek et al. [27]
Pt20 Ru10/C Spraying, C paper treated 2 1 M 313 Active >60 Birry et al. [28]

Cathode Pt black Decal 2.5+/−0.5 1 M 353 Active 10.5 Thomas et al. [17]
CCM, C paper and MPL – – – Active 33 Krishnamurthy et al. [21]
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Pt/C CCM, C cloth and MPL 1.2
Pt (20 & 40%)/C CCM, C paper and MPL 2

CM, catalyst coated membrane; MPL, micro porous layer.

en reduction reaction. Both results in additional oxygen transport
imitations at the cathode surface.

Many studies have been done to determine the optimum
onomer content for the DMFCs [16–27] as shown in Table 1. As
bvious from the table, the optimum ionomer content varied from
ne study to another depending on the preparation method, cata-
yst type, diffusion media and also the operating conditions. The
atalyst layers with the same composition produced on differ-
nt substrates, i.e., (decal sheets, gas diffusion layers or directly
n membranes), resulted in different mass transport limitations.
herefore, different optimum ionomer content was expected. The
lack catalyst prepared by the decal methods realized a low opti-
um ionomer content of less than 15 wt.% [17,18,26]. This is

ecause, in the decal method, catalyst ink with the ionomer was
rst applied on a non-porous sheet without any permeation loss
f the ionomer. Higher ionomer contents were required in the
ther preparation methods [16,21] and/or for the supported cat-
lyst [19–21,25,26,28], in which a catalyst ink was applied on a
orous diffusion media, i.e., a microporous layer (MPL), carbon
aper or carbon cloth. A large portion of the ionomer permeates
hrough these layers, therefore, a relatively large amount of the
onomer was used in the catalyst layer. If a vacuum was used
uring the preparation, the ionomer loss by permeation would
e increased and higher ionomer content was required [25]. The
upported catalyst is nanoparticles finely distributed on a carbon
upport that requires a higher ionomer content to provide enough
ontact between the catalyst and the ionomer [21]. Moreover, the
perating conditions, such as cell temperature [11,22] reactant flow
ate [22] and methanol concentration affect the mass transport,
herefore, the optimum ionomer content.

Recently, a passive DMFC that absorbs methanol from a built
n methanol reservoir by an osmotic action and breathes O2
rom the surrounding air by natural diffusion and convection, has
een demonstrated and investigated by some researchers [29–42].
nder the low cell temperatures around 298 K used for passive
onditions, the resistance to mass transport becomes high in com-
arison to that at high temperature around 353 K, used for the
ctive conditions. At the cathode, the accumulation of water blocks
he openings of the cathode and blocks the O2 supply, and at a high
urrent density, flooding is quite severe and significantly depresses
he cell performance. At the anode, the low diffusion of methanol

nd the CO2 release, at low cell temperature, limit the methanol
upply. Under these high mass transport resistances, the optimum
onomer content for the passive DMFC is expected to be lower than
hat for the active conditions. Up to now, there has been no report
bout the optimum ionomer content in the passive DMFC.
333 Active 22 Liu et al. [22]
353 Active 33 Krishnamurthy et al. [20,21]

Under the passive conditions, carbon cloth was widely used as
the diffusion layer to enhance the mass transport and black catalyst
was used to increase the catalyst activity. In situ cyclic voltam-
metry measurements were usually done at the actual operating
temperature. This study has been carried out to clarify the optimum
ionomer content in a passive DMFC using the black catalyst, PtRu
at the anode, Pt at the cathode and carbon cloth as the diffusion
layer. Polarization and in situ cyclic voltammetry measurements
have been carried out to investigate the effect of the ionomer con-
tent on the cell performance and evaluate the electrochemically
active surface area ECSA, respectively.

2. Experimental

2.1. MEA preparation

The MEA, which uses carbon cloth (35% Teflonized, ElectroChem,
Inc.) as the anode and cathode backing layers, was prepared in the
following manner: 3–4 mg cm−2 of carbon black, Ketjen black, con-
taining 10% PTFE, a microporous layer MPL, was prepared on the
surface of the carbon cloth.

Pt black of 2 nm particle size (HiSPEC 1000, Johnson Matthey
Fuel Cells, Co., Ltd.) and PtRu black of 2.72 nm particle size (HiSPEC
6000, Johnson Matthey Fuel Cells, Co., Ltd.) were used as the cat-
alyst for the cathode and the anode, respectively. Catalyst ink was
prepared by dispersing an appropriate amount of the catalyst in a
solution of de-ionized water, isopropyl alcohol and a 5 wt.% Nafion
solution (Wako, Inc.). The ink was then precipitated on the surface
of the carbon cloth with the MPL using a micropipette to form the
catalyst layer. The catalyst loading was around 4 mg cm−2 in each
electrode. For the anode catalyst layer, five different electrodes con-
taining 10, 15, 20, 30 and 40 wt.% of the ionomer were prepared as
the anodes while the ionomer content in the cathode catalyst layer
was fixed at 30 wt.%. For the cathode catalyst layer, four different
electrodes containing 10, 15, 20 and 30 wt.% of the ionomer were
prepared as the cathodes in which the ionomer content in the anode
catalyst layer was fixed at 20 wt.%.

Nafion 112 was used as the electrolyte membrane. The MEA was
then fabricated by sandwiching the membrane between the anode
and the cathode and hot pressing them at 408 K and 5 MPa for 3 min.
2.2. Electrochemical measurements

2.2.1. Measurement of cell performance
The MEA was placed in a plastic holder as shown in Fig. 1. In the

anode compartment, a methanol reservoir, 22 mm wide, 22 mm
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Fig. 1. Schematic diagram of a passive DMFC.

ong and 25 mm deep was prepared. The MEA was sandwiched
etween two current collectors, which were stainless steel plates
f 2 mm thickness with open channels for the passage of the fuel
nd oxidant. The open area ratio for the active electrode was 73%.

In this study, all the experiments were conducted in the com-
letely passive mode with the surrounding air at the ambient
onditions of 297 K and 1 atm. A methanol solution with differ-
nt concentration 1–4 M, was fed into the reservoir by a syringe
hrough the open tube. The current–voltage i–V, characteristics
ere measured from OCV to zero voltage at the scan rate of
mV s−1. These measurements were conducted using an electro-
hemical measurement system (HAG-5010, Hokuto Denko, Co.,
td.).

.2.2. In situ cyclic voltammetry and impedance
During the electrode and MEA fabrication processes, it is not

uaranteed that all of the catalyst particles will be available for
lectrochemical reaction due to either insufficient contact with the
olymer electrolyte or electrical isolation of the catalyst particles
43]. In situ cyclic voltammograms are useful in assessing the ECSA
sed under actual operating conditions. Therefore, the measure-
ents have been carried out under room temperature 298 K, to
imic the actual operating conditions of the passive DMFC.
The MEA was placed in a cell holder with flow channels in both

he anode and cathode (FC-005-01SP, Electro Chem Co., Ltd.). The
lectrochemical active surface areas ECSA, of the anode and the
athode catalysts were determined by CO stripping and hydro-
en adsorption–desorption measurements, respectively. For the CO
tripping, the fuel cell cathode used as both the reference elec-
rode, dynamic hydrogen electrode (DHE) and counter electrode,
hile the fuel cell anode was the working electrode. The cathode
as purged with nitrogen for 10 min at 1 l min−1 then switched

o humidified hydrogen at 0.1 l min−1 and ambient pressure. Two
olar methanol was flowed to the anode at 4.8 ml min−1, main-

aining the cell voltage at 0.1 V for 1 h. Methanol at the anode was
hen purged with nitrogen, 1 l min−1 for 20 min, and then switched
o de-aerated water at 4.8 ml min−1 for 40 min. The cell voltage was

aintained in the all stages at 0.1 V. The potential was scanned at
0 mV s−1 between 0.1 and 1.2 V. The integrated peak area of the CO
lectro-oxidation was used to calculate the ECSA of the anode. For
he hydrogen adsorption–desorption analysis, the fuel cell anode
as used as both reference electrode, a dynamic hydrogen elec-

rode and counter electrode, while the fuel cell cathode was the

orking electrode. The anode was purged with nitrogen for 10 min

hen switched to humidified hydrogen at 0.1 l min−1 and ambient
ressure, while de-aerated water was flowed on the cathode side
t 4.8 ml min−1. The potential was scanned at 20 mV s−1 between
.05 and 1.2 V. The average integrated peaks area of the hydrogen
er Sources 195 (2010) 6287–6293 6289

adsorption–desorption curves was used to calculate the ECSA of the
cathode.

ECSA was calculated based on the following equation:

ECSA = Q1

Q2.G

where Q1 is the charge amount calculated from the integration of
the CV curves for the CO desorption electro-oxidation or the aver-
age hydrogen adsorption–desorption in coulombs (C), Q2 is the
charge amount required to oxidize a monolayer of CO on the alloy
catalyst of 4.20 C m−2 or a single layer of saturated coverage of
hydrogen on the Pt surface area of 2.1 C m−2 and G represents the
total metal loading (g) in the electrode [43].

The catalyst utilization was calculated by dividing the ECSA by
the specific surface area of the catalysts, SSA. The specific surface
area SSA, of the electro catalysts can be calculated from the mean
particle size by the following equation, assuming all the catalyst
particles have a spherical shape [44]:

SSA = 6
�d

where d is the mean particle size and � is the catalyst density.
Electrochemical impedance spectra (EIS) were measured for the

MEAs containing different anode ionomer contents using an elec-
trochemical measurement system (HAG-5010, Hokuto Denko Co.
Ltd.). One molar methanol solution (1 ml min−1) was supplied to
the fuel cell anode at 298 K while a continuous stream of hydrogen
was fed to the fuel cell cathode to form a DHE and to facilitate the
removal of the permeated water. Impedance spectra for the work-
ing electrode was measured based on the DHE in the complete fuel
cell under potentiosatatic mode (0.4 V) over the frequency range
1 kHz–10 mHz.

3. Results and discussion

3.1. Effect of the ionomer content in the anode catalyst layer

3.1.1. Effect of the ionomer content in the anode catalyst layer on
the ECSA and the impedance

The in situ cyclic voltammograms have been carried out to clar-
ify the effect of the ionomer content on the electrochemically active
surface area ECSA. Fig. 2 shows the CO stripping of the anode
electrodes with different ionomer contents i. e., 10, 20, 30 and
40 wt.%. As noted from the figure, the CO stripping area increased
with the increasing ionomer content up to 20 wt.% and then it
decreased with a further increase in the ionomer content. At the
same time, the onset potential for the CO adsorption oxidation
decreased with the increasing ionomer content to 20 wt.%, then
increased with a further increase in the ionomer content. It was
244 mV at 10 wt.%, 234 mV at 15 wt.% (not shown in the figure),
231 mV at 20 wt.% and 248 mV at both the 30 and 40 wt.%. Based
on the CO stripping area, both the ECSA and the catalyst utilization
were calculated and plotted versus the ionomer content as shown
in Fig. 3. As clarified from the figures, the electrode with 20 wt.%
ionomer had the highest ECSA, highest catalyst utilization and the
lowest onset potential for the CO adsorption oxidation. With the
increasing ionomer content from 10 to 20 wt.%, the contact between
the catalyst and ionomer increased, therefore, the apparent proton
conductivity of the catalyst layer increased, and more catalyst con-
tributed to the electrochemical reaction thus the ECSA increased,
the catalyst activity increased and the onset potential of the CO

adsorption oxidation decreased. Although the dispersion of the cat-
alyst increased, i.e., the contact of the catalyst particles with the
ionomer content increased, with the increasing ionomer content
to 30 and 40 wt.%, ECSA decreased. The decrease in the ECSA would
be related to the isolation of some of the catalyst particles by a thick
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to the variation of the ECSA.
At high current density, cell operated under mass transport over

voltage region. The number of the open pores, used as channels for
Fig. 2. CO stripping of the anode electrodes with the different io

ayer of the ionomer around them at 30 and 40 wt.% ionomer. This
hick ionomer layer acted as a barrier for the mass transport of the
eactants and products to or from the catalyst particles, therefore,
CSA decreased. The effect of the mass transport resistance on ECSA
ppeared at low ionomer content 20 wt.%, compared to that under
ctive condition, usually 30 wt.% as shown in Table 1, which would
e related to performing the measurement at low cell temperature
98 K, compared with that used under active conditions 353 K.

The impedance measurements have been carried out for the dif-
erent anode ionomer contents as shown in Fig. 4. As noted from the
gure, the lowest resistance to the electro-oxidation of methanol
ccurred at 20 wt.% ionomer content as clear from the size of the
rcs at the different ionomer contents. These results were in accor-
ance with that of the ECSA.
.1.2. Effect of the ionomer content in the anode catalyst layer on
he i–V performance

Fig. 5 shows the current voltage curves for the MEAs containing
he different ionomer contents in the anode catalyst layer of 10,

ig. 3. The effect of the ionomer content on the ECSA and the catalyst utilization of
he different anodes.
r contents of (a) 10 wt.%, (b) 20 wt.%, (c) 30 wt.% and (d) 40 wt.%.

20, 30 and 40 wt.% at 3 M. As noted from the figure, except 20 wt.%
ionomer content, which showed the highest cell performance at the
entire cell potential, the effect of the other ionomer contents, 10,
30 and 40 wt.%, on cell performance was dependent on the current
density. At low current density region, i.e., lower than 40 mA cm−2,
30 wt.% showed the highest performance among them followed by
40 and 10 wt.% while, at high current density region i.e., higher than
100 mA cm−2, 10 wt.% showed highest performance followed by 30
and 40 wt.%, and even it was better than that obtained at 20 wt.% at
zero.

At low current density, cell operated under activation over volt-
age region, therefore, the variation of the performance was related
mass transport, formed at low ionomer content would be higher

Fig. 4. Effect of Nafion content in the anode catalyst layers on impedance response
in the Nyquist form at 0.4 versus DHE, with 1 M methanol, flow rate: 1 ml min−1 at
298 K.
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ig. 5. The current voltage curves for the MEAs containing different ionomer con-
ents in the anode catalyst layer of 10, 20, 30 and 40 wt.% at 3 M.

han that formed at high ionomer content. Therefore, 10 wt.% had
he lowest mass transport over voltage, and thus the highest per-
ormance. The significant effect of the ionomer content on the cell
erformance at the high current density would be related to the
igh resistance to the mass transport under the passive operating
onditions.

The performance of the different MEAs, prepared with the dif-
erent ionomer contents in the anode catalyst layer, has been

easured under passive conditions using different methanol con-
entrations from 1 to 4 M. Fig. 6 shows the maximum power density

f each methanol concentration versus the ionomer content. It
as clear from the figure that the power density at the differ-

nt methanol concentrations increased with increasing ionomer
ontent until 25 mW cm−2 at 20 wt.% and then decreased with the

ig. 7. Hydrogen adsorption–desorption of the cathode catalyst electrodes prepared with
Fig. 6. The effect of the ionomer content in the anode catalyst layer on the maximum
power density at different methanol concentrations.

further increase in the ionomer content. The optimum methanol
concentration at the different ionomer contents was 2 and 3 M.
The highest maximum power density at 20 wt.% would be related
to the high catalyst activity at 20 wt.% as clear from the ECSA and
the impedance measurements.

3.2. Effect of the ionomer content in the cathode catalyst layer
3.2.1. Effect of the ionomer content in the cathode catalyst layer
on ECSA

Fig. 7 shows the in situ cyclic voltammetry curves of the
hydrogen adsorption–desorption of the cathode catalyst elec-

the different ionomer contents of (a) 10 wt.%, (b) 15 wt.%, (c) 20 wt.% and (d) 30 wt.%.
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ig. 8. The effect of the ionomer content on the ECSA and the catalyst utilization of
he different cathodes.

rodes prepared with the different ionomer contents of 10,
5, 20 and 30 wt.%. As noted from the figure, the number of
dsorption–desorption peaks, indicated by the arrows in the figure,
ncreased from one peak appeared at 10 wt.%, to two peaks at the
igher ionomer contents. Both the ECSA and the catalyst utilization
ere calculated based on the average of the adsorption–desorption

reas in Fig. 7 and plotted versus the ionomer content as shown
n Fig. 8. The ECSA and the catalyst utilization increased with the
ncreasing ionomer content from 10 to 20 wt.% then decreased with
he further increase in the ionomer content to 30 wt.%.

As already described for the anode, at the low ionomer content
f 10 wt.%, the apparent ionic conductivity of the catalyst layer was
ow, therefore, a small portion of the catalyst participated in the
lectrochemical reaction. With increasing the ionomer content, the
atalyst distribution improved and the contact between the catalyst
nd the ionomer increased, therefore, more catalyst with different
rystal facets participated in the electrochemical reaction.

The catalyst utilization at the low ionomer contents of 10 and
5 wt.% was quite low, but it significantly increased when the

onomer content increased to 20 wt.%. This situation did not appear
n the case of the PtRu catalyst at the anode and we do not know
he reason for the difference between these two cases until now.

.2.2. Effect of ionomer content in the cathode catalyst layer on

–V performance

Fig. 9 shows the current voltage curves for the MEAs containing
ifferent ionomer contents in the cathode catalyst layer of 10, 15,
0 and 30 wt.% at 3 M. At a low current density region, i.e., lower

ig. 9. The current voltage curves for the MEAs containing different ionomer con-
ents in the cathode catalyst layer of 10, 15, 20 and 30 wt.% at 3 M.
Fig. 10. The effect of the ionomer content in the cathode catalyst layer on the
maximum power density at different methanol concentrations.

than 40 mA cm−2, the highest performance was obtained at 20 wt.%,
while at high current density region, i.e., higher than 100 mA cm−2,
the highest performance was obtained at 15 wt.%. As clear from the
figure, cell performance was affected by the ionomer content in the
cathode catalyst layer and this effect was dependent on the current
density.

As already described in the case of the anode side, at low current
density, cell operated under activation over voltage region, there-
fore, catalyst activity, i.e., ECSA, governed the cell performance. At
high current density, cell operated under mass transport over volt-
age region, therefore, lower ionomer content, i.e., 15 wt.% showed
the highest cell performance. The fluctuations in the current density
at 20 wt.% would be related to the flooding at high current density.
The increasing in the ionomer content enhanced the flooding at
high current density; therefore, cell performance depressed and
15 wt.% showed better performance than that obtained at 20 wt.%.

The performance of the different MEAs, prepared with different
ionomer contents in the cathode catalyst layer, has been measured
under the passive condition using different methanol concentra-
tions from 1 to 4 M. Fig. 10 shows the maximum power density for
each methanol concentration versus the ionomer content. It was
clear from the figure that, the power density increased from 30
to 38 mW cm−2 with the increasing ionomer content from 10 to
20 wt.%, then it decreased with a further increase in the ionomer
content. The optimum methanol concentration for all the MEAs was
3 M.

The degree of the change in the performance with the changing
ionomer content, which was low in comparison to that of the ECSA,
shown in Fig. 10, would be related to the flooding which depressed
the cell performance.

It was clear that the optimum ionomer content was affected by
the current density region whether at the anode or at the cathode,
which makes the passive DMFC more complicated than the active
one. Although improvement of the cell performance by optimizing
the ionomer content in both the anode and cathode occurred, the
catalyst utilization was low at around 10% at the cathode and 25%
at the anode.

4. Conclusions
The effect of the ionomer content on the performance of a pas-
sive DMFC using a black catalyst at anode and cathode has been
investigated. Polarization and in situ cyclic voltammetry measure-
ments have been carried out to investigate the effect of the ionomer
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ontent on the cell performance and catalyst utilization, respec-
ively. The following conclusions were drawn.

) Under passive conditions, from the maximum power density
point of view, the optimum ionomer content was 20 wt.%,
whether at anode or at cathode, which was considered to be
lower than that used under active conditions. This was related to
the high resistance to mass transport under passive conditions.

) The optimum ionomer content was affected by the operating
conditions, i.e., current density, whether at anode or at cathode.
Under low current density, i.e., activation over voltage region,
cell performance governed by the catalyst activity, i.e., ECSA.
Under high current density, i.e., mass transport over voltage
region, catalyst layer with low ionomer content showed the
highest cell performance.

) The catalyst utilization was 10% and 25 wt.% at optimum condi-
tions at the cathode and the anode respectively, this low value
this would be related to the moderate passive operating condi-
tions.
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