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a b s t r a c t

The operational characteristics of the Nafion® 212 membrane (N212) are investigated and compared
to that of Nafion® 112 (N112), in proton exchange membrane fuel cells (PEMFCs). The consequences of
the membranes’ degradation are also investigated, after accelerated aging experiments using Fenton’s
method. Studies were performed by single cell polarization and impedance measurements, as a function
eywords:
EM fuel cell
afion 112
afion 212
afion degradation

of the cell and gas humidification temperatures and the gases pressures. Polarization curves show that
the cell with N212 presents higher performance than that with N112, when operating under air cathode.
FTIR analyses indicated that the chemical structure of Nafion does not change after accelerated degrada-
tion tests for both membranes. In spite of this, significant differences were observed in the morphology,
mainly for N212. The electrochemical studies confirmed that the degradation of the membranes leads to
a reduction of the fuel cell performance by increasing the gas crossover, mainly H2. Results also show that

be le
the N212 membrane may

. Introduction

Proton exchange membrane fuel cells (PEMFCs) have gained
orldwide attention as a successful device to replace combus-

ion engines, mainly because of their higher performance and low
ollutant emissions. Despite the large technological developments
f PEMFCs in the last decade, there is still a need to increase
ts performance, in other words, higher stability and reduced
osts [1–7].

The electrolyte membrane is one of the most important parts of
he PEMFC membrane and electrode assembly (MEA). It works the

EA’s ionic conductor, gas barrier and mechanical support. One
f the problems of the polymer electrolyte membrane has been
he water management, as the performance and durability of this
omponent depend on the water balance [8–19]. If the membrane
s not appropriately hydrated, it shows a high ionic resistance and
t can be irreversibly damaged, therefore any excess water has to
e removed to avoid the electrode flooding. The hydration state of
he membrane is strongly affected by inside water transport, which
s dominated by three mechanisms, namely, electro-osmotic drag,

onvection and back diffusion/convection. The former is caused by
roton migration from the anode to the cathode. The second is due
o gas pressure gradients in the fuel cell, while the latter is due to
he existence of water concentration gradients between the cathode

∗ Corresponding author. Tel.: +55 16 33739945; fax: +55 16 33739952.
E-mail address: edsont@iqsc.usp.br (E.A. Ticianelli).

378-7753/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
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ss durable than N112.
© 2009 Elsevier B.V. All rights reserved.

and the anode [8]. When the amount of liquid water is high, it blocks
the pores of the catalyst layer of the electrode, preventing the flow
of gases and restricting access of the reactants to the catalyst sites.

Parameters such as pressure, humidification, and temperature
have a decisive influence on the performance of PEMFCs. Sethura-
man et al. [20] showed that gas humidity affects the mechanical
durability of the membranes, mainly when the fuel cell operation
is in frequent start–stop cycles, because frequent wet-up and dry-
out cycles cause mechanical stress to the membrane. Paganin et
al. [21] demonstrated that high temperatures cause severe loss of
water by evaporation. They showed that the optimum temperature
for a good performance of PEMFCs is 80 ◦C for the cell, and 85 ◦C
and 95 ◦C for the oxygen and hydrogen humidifiers, respectively.

A key factor to achieve a long working lifetime is to improve the
durability of the ionomer both in the membrane and in the elec-
trode catalyst layer, in order to avoid gas crossover and prevent
the reduction of the ionic conductivity and the loss of mechanical
stability of the membrane electrode assembly. Several membrane
degradation modes have been observed, as for example, mechani-
cal or thermal stress and chemical or electrochemical degradation
[22–30]. Studies have shown that chemical degradation of the poly-
mer electrolyte occurs during the fuel cell operation, caused by the
attack of radical species (hydroxyl and peroxyl) formed in the MEA

as reaction intermediates, particularly in the oxygen reduction reac-
tion (ORR). It has also been suggested that the metal ions released
from the metallic components, as bipolar plates or humidification
bottles, can raise the decay rate of the proton exchange membrane
[26,29,31,32].

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:edsont@iqsc.usp.br
dx.doi.org/10.1016/j.jpowsour.2009.04.038
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Accelerated tests have been used to investigate the lifetime of
he membrane, by employing the Fenton reaction:

2O2 + Fe2+ → Fe3+ + OH· + OH−

o produce OH·, which attacks the membrane fluorinated end
roups, for example, –CF2COOH, –CF2H or –CF CF2:

i) R–CF2COOH + OH· → R–CF2· + CO2 + H2O

ii) R–CF2· + OH· → R–CF2OH → R–COF + HF

iii) R–COF + H2O → R–COOH + HF

Kinumoto et al. [26] used Fenton’s reaction to investigate the
tability of the Nafion 117 membrane. The results showed that both
ain and side chains are decomposed at similar rates by radical

ttack. Kundu et al. [28] compared two methods for promoting Fen-
on’s reaction (solution and ion exchange) in order to induce the
egradation of Nafion membranes. They found that the two degra-
ation methods cause the same damage to the membrane, losing
ver 20% of their original weight after the tests.

This paper evaluates the performance and stability of PEM fuel
ells with Nafion® 212 membrane by using single cell steady-state
olarization, hydrogen crossover and impedance measurements.
he stability studies were carried out using Fenton’s reaction to
romote accelerated membrane degradation. The results are then
ompared to those obtained with the Nafion® 112 membrane
hereafter called N112), for which some studies can be found in
he literature [33,34], in contrast to the case of the Nafion® 212

embrane (hereafter called N212). The electrochemical impedance
tudies were conducted to characterize the polarization phenom-
na due to the charge transfer kinetics and the resistive and diffusive
ffects that reduce the cell performance [35,36].

. Experimental

.1. Membrane and electrode assembly (MEA) preparation

The gas diffusion electrodes were fabricated according to a
ell-developed method used in our lab [36]. A standard electrode

cathode and anode), with an active area of 4.62 cm2, was pre-
ared with 20 wt.% Pt/C, 0.4 mg Pt cm−2 and 1.1 mg Nafion® cm−2 in
he catalyst layer. Electrodes with Nafion® loadings in the range of
.1–2.2 mg Nafion® cm−2 were also prepared. The single cells were
uilt with both types of Nafion® membranes, N212 and N112, both
f the same thickness (50 �m).

The membrane electrodes were first assembled by placing a
iece of the Nafion® membrane between two electrodes, which
ere next hot-pressed at 125 ◦C and 50 atm for 2 min. Different

ypes of single cells were mounted using N112 and N212 with a
tandard electrode at the anode and with the cathodes containing
istinct Nafion loadings.

.2. Electrochemical tests in single cells

Polarization curves were obtained in a test station, for single-
ells feed with H2 and air/O2 at several pressures and temperatures.
inear sweep voltammetric measurements were carried out to
erify the hydrogen crossover through the membrane. For these
xperiments, the cell was fed with argon at the cathode side and
ydrogen at the anode/reference side. The amount of hydrogen

rossing the membrane was comparatively measured by the current
ntensity of the of linear sweep voltammetric anodic scan.

The impedance measurements were carried out in galvanostatic
ode using a frequency response analyzer (FRA) coupled to the test

tation. The frequency range was from 100 mHz to 10 kHz, covered
ower Sources 193 (2009) 547–554

with 10 points decade−1. The impedance spectra were recorded for
different current densities, in the range of 0.10–1.90 mA cm−2.

2.3. Procedures for Nafion membrane degradation

Deteriorated Nafion membranes were obtained by the ion
exchange method [26,28]. Samples of Nafion were soaked in
0.1 mol dm−3 FeCl2·4H2O (reagent grade) for 24 h. The samples
were then rinsed with highly purified water for at least 1 h. Next,
they were left in vials to which 40 mL of a 30% hydrogen peroxide
solution was added, for 24 h or 48 h at a temperature of 72 ◦C. After
these times, the samples were removed from the solution, rinsed
with hot pure water and then conditioned in 1 M H2SO4 to remove
any residual iron and then the membrane was returned into the H+

form.

2.4. Fourier transform infrared spectroscopy (FTIR)

Samples of fresh and degraded Nafion membranes (N212 and
N112) were chemically analyzed by FTIR, in a Bomem—MB-102
equipment. The spectra were measured using an ATR device
(GatewayTM). The spectrum was collected after 64 scans both for
the background and the sample, with a wave number resolution
of 4 cm−1, in the range of 4000–650 cm−1. Background subtraction
was used and measurements were carried out at room temperature.

2.5. Scanning electron microscopy (SEM)

Scanning electron microscopy was employed to analyze the
membrane morphological structure. The images were obtained
using a LEO SEM (model 440) equipment. Samples were covered
with a 10 nm layer of Au using a BAL-TEC MED 020 coating system
to improve conductivity.

3. Results and discussion

Information about the electrolyte resistance and the kinetic
parameters of the oxygen reduction reaction was obtained for the
different single cell systems by analyzing the experimental polar-
ization data using the semi-empirical equation [37,38]:

E = E0 − b log i − Ri (1)

where E0 = Er + b log io, Er is the reversible potential of the cell, b is
the Tafel slope and io is the exchange current density for the oxygen
reduction reaction in the catalyst. R represents the total contribu-
tion of linear polarization components, which include the charge
transfer resistance of the hydrogen oxidation reaction, the ionic
resistance of the electrolyte in the cell (inside the catalyst layer and
inside the membrane), the electronic resistance and the linear dif-
fusion terms related to limitations by the diffusion of the reactant
gases [38]. In the range of the current density used in the fits, it can
be assumed that the electrolyte resistance is independent of the
current density [37]. Eq. (1) does not include limitations from dif-
fusion, except for linear contributions and because a change on the
Tafel slope is expected at around 0.8 V (oxygen electrode potential)
[39], this analysis only considered the data of cell potentials above
this value.

3.1. Effects of the cell and humidifiers temperature
Fig. 1 shows the effect of the temperature on the steady-state
polarization curve obtained for single cells with N212 and N112
membranes, working with H2/air at 2:3 atm, and keeping the gases
humidification and the cell at the same temperature. Typical pro-
files already reported for PEMFC with Nafion membranes [21,40]



A.C. Fernandes, E.A. Ticianelli / Journal of Power Sources 193 (2009) 547–554 549

F
N
a

a
i
7
t
f

f
i
o
l
O
m
i
r
t
f

P
c
o
w
r
c
7
t
i
a

T
K
t
V
(

T

M
3
6
7
8

M
3
6
7
8

(70 ◦C) is shown in Fig. 3. When the cell works with non-pressurized
O2, the performance is almost the same, independently of the mem-
brane. On the other hand, Fig. 3 shows that for all air pressures the
cell performances are higher with N212 than those with N112. It is
ig. 1. Steady state polarization curves for single cells at several temperatures with
212 (full symbol) and N112 (open symbol) membranes, H2 (2.0 atm) and air (3.0
tm) as anode and cathode feed. TH2 = TCell = TAir.

re observed for the cell with the two different membranes. An
ncrease of the limiting current with temperature is observed up to
0 ◦C, after which the performance decreases. It is also noteworthy
hat the N212 membrane shows a better performance than N112
or all temperatures.

Table 1 shows the kinetic parameters (E0, b, and R) resulting
rom the fitting of Eq. (1) to the experimental polarization results
n Fig. 1. These data denotes higher values of E0 and smaller values
f R for the system with N212, at all temperatures, thus indicating
ess crossover of gases and higher membrane conductivity for N212.
n the other hand, the increase of E0 and the reduction of R for both
embranes with the temperature increase are consequences of the

mproved reaction kinetics and membrane conductivity, as already
eported [38,41]. As expected, the Tafel slope values resulted close
o 60/70 mV dec−1, in agreement with many other results obtained
or the oxygen reduction on Pt-based catalysts [21,38].

It has been shown that the best humidification conditions for
EMFC with Nafion membranes is that in which the gases and
ell operate at different temperatures [37]. In the resent work, in
rder to obtain the best system operation conditions, experiments
ere carried out changing the humidification temperatures of the

eactant gases, with these results displayed in Fig. 2. The humidifi-
ation temperatures were changed from 70 ◦C to 85 ◦C and 70 ◦C to

5 ◦C for hydrogen and air, respectively. In all cases, it is observed
hat the polarization curves have the same profile until 1 A cm−2,
ndicating that the reaction kinetics and the membrane resistance
re not affected by the humidification conditions. A decrease of

able 1
inetic parameters (E0, b, R) obtained from fitting of Eq. (1) to experimental polariza-

ion results for single cells with N112 and N212 membranes at different temperature.
alues of the OCP (open circuit potential), REIS (high frequency resistance) and Power

0.7 V) (power density at 0.7 V) are also included. PH2 = 2 atm and PAir = 3 atm.

emperature (◦C) EOCP (mV) E0 (mV) b (mV dec−1) R (� cm2)

embrane N212
0 946 799 65 0.27
0 943 811 61 0.21
0 926 794 65 0.16
0 931 811 58 0.18

embrane N112
0 895 784 53 0.43
0 909 811 47 0.29
0 907 802 52 0.21
0 907 802 53 0.23
Fig. 2. Steady state polarization curves for single cells with N212 membrane oper-
ating with H2 and air, for several gas humidification temperatures.

the limiting current is observed when the gases temperature is
increased by 5 ◦C or more higher than that of the cell. This effect
can be associated with the appearance of diffusion problems due
to water condensation, which renders difficult the reactant gases
reaching the electrode catalyst sites. The phenomenon is more pro-
nounced for the cathode, indicating that the flooding problems
are more serious in the cathode, probably because of water accu-
mulations caused by the crossover and the production via oxygen
reduction.Identical fitting parameters were obtained for the differ-
ent humidification temperatures (not shown), as expected for a case
where the cell remains at a constant temperature (70 ◦C).

3.2. Effects of the gases pressure

The effect of the air pressure on the fuel cell performance for
both membranes at the same cell and humidification temperature
Fig. 3. Steady state polarization curves for single cells with N212 (full symbol) and
N112 (open symbol) membranes operating with H2 and air at different pressures.
TH2 = TCell = TAir = 70 ◦C.
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Table 2
Kinetic parameters (E0, b, R) obtained from fitting of Eq. (1) to the experimental polarization results for single cells with N112 and N212 membranes at different pressures.
Values of the OCP (open circuit potential), REIS (high frequency resistance) and Power (0.7 V) (power density at 0.7 V) are also included. TH2 = TCell = TAir = 70 ◦C.

Pressure, H2/air (atm) EOCP (mV) E0 (mV) b (mV dec−1) R (� cm2) REIS (� cm2) Power (0.7 V) (W cm−2)
Membrane N112
2:5 918 811 57 0.19 0.19 0.44
2:3 907 802 52 0.21 0.19 0.39
1:1 864 748 57 0.22 0.19 0.21

Membrane N212
2
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:5 949 817 59
:3 926 794 65
:1 901 766 63

lso noted that when the N212 membrane is used, the cell reaches
igher limiting current densities and this is probably related to
roblems of gas diffusion decrease, associated with smaller cathode
ooding due to less water electro-osmotic dragging from the anode
o the cathode [42]. The power densities (E × i) obtained from the
esults in Fig. 3 at a cell potential of 0.7 V are included in Table 2.
t is noted that the cells built with N212 show an improvement of
3, 16 and 29% in the power density when compared to N112, both
perating with H2/air 2:5, 2:3 and 1:1 atm, respectively.

The kinetic parameters obtained from the fitting of Eq. (1) to the
ata in Fig. 3 are included in Table 2. It is seen that the increase of
ressure causes an increase of the kinetics of the oxygen reduction
eaction, as confirmed by the rising of E0. This might be a conse-
uence of the increase in the electrode reversible potential, and also
he increase in the exchange current density due to the gas solu-
ility increase. For both membranes, R decreases with the increase
f pressure, and this may be assigned to a higher gas flux to the
atalytic sites, leading to a decrease of linear diffusion effects. It

s interesting to note that in all cases, the R values for N212 are
maller than those for N112, confirming an improvement in the
212 membrane properties.

The polarization phenomena due to the reaction kinetics and the
esistive and diffusive effects were also investigated as a function of

ig. 4. Impedance plots at several current densities (� 0.10; � 0.30; � 0.50; � 0.70; � 0.90
a) H2 (1.0 atm)/air (1.0 atm); (b) (2.0 atm)/air (3.0 atm) and (c) H2 (2.0 atm)/air (5.0 atm)
0.15 0.17 0.54
0.16 0.17 0.45
0.22 0.17 0.28

pressure by electrochemical impedance spectroscopy. Fig. 4 shows
Nyquist impedance plots for the PEMFC at 70 ◦C, working at several
pressures for the reactant gases. The high frequency impedance val-
ues that essentially represent the membrane resistance (REIS) are
included in Table 2. It can be observed that the REIS values of N212
are smaller than those of N112 in all experimental conditions. This
decrease in the membrane resistance causes a decrease in the ohmic
drops of the fuel cell, which can then reach higher current densities
at lower overpotentials.

In general, the impedance plots for both membranes presented
the same characteristic features for all applied pressures. At the high
frequency region there is an arc with the magnitude independent of
the current density; at middle frequencies there is another arc that
decreases with the increase of the current density until a given value
(0.3 A cm−2, 0.5 A cm−2 and 0.7 A cm−2 for pressures of 1:1, 2:3 and
2:5 atm, respectively), after which the arc magnitude increases.

These results indicate that there are two phenomena controlling
the electrode behavior at the middle frequency region, depending

on the current density. Thus, the decrease of the arc magnitude,
as clearly seen at the lower current densities, must be related to
the decrease of the charge-transfer resistance. When the current
densities increase, diffusion limitations start to become more and
more relevant until, after a given current density, depending on the

; © 1.10; � 1.30; � 1.50; × 1.70; + 1.90 A cm−2) for single cells with N212 membrane;
. TH2 = TCell = TAir = 70 ◦C.
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ig. 5. Steady state polarization curves for single cells with N212 membrane operat-
ng with H2 and air as anode and cathode feed, respectively, for several Nafion loads
n the catalyst layer of the cathodes (anodes with 30 or 35%). TH2 = TCell = TAir = 70 ◦C.
nsert: Tafel plots for low current densities.

ressure, they overcome the charge-transfer effect, consequently
he increase of the impedance arc. It is also observed that for a
xed current density there is a reduction of the middle frequency

mpedance with a pressure increase, and this must be due to an
mprovement in the kinetics of the oxygen reduction reaction.

.3. Effects of the Nafion load in the cathode catalyst layer

Fig. 5 depicts the polarization curves of fuel cells with cathodes
repared with Nafion contents of 25, 30, 35 and 40% in the cata-

yst layer and with N212. Fuel cell performances were evaluated
t 70 ◦C, with H2/Air at 2/3 atm. The polarization curves indicate
ell performance changes with the Nafion load change in the cath-
de catalyst layer, particularly at high current densities. It can be
oted that the electrode performance is poorer both for 25% and 40%
f the Nafion contents. Low Nafion contents result in a poor con-
act between the electrolyte and the catalyst particles, consequently
eading to a decrease in the electrode performance caused by the
ncrease in the ohmic effects and the active area decrease [42,43]. In
ontrast, high Nafion loads in the catalyst layer causes an electrode
erformance reduction due to the difficulty in the gases reaching
he active sites, hence increasing the mass transport overpotentials
42,43]. The Nafion content of 35% represents the best situation,
n which a compromise between the two opposite tendencies is
eached.

Table 3 shows the kinetic parameters obtained by the fitting of
q. (1) to the polarization results for the cell with cathodes with
ifferent Nafion loads in the catalyst layer. The E0 values slightly
ncreased with the Nafion load increase, and this must be related
o the increase in the Pt active area. A small decrease of R occurred
hen the Nafion load changed from 25 to 30–35%, and this is consis-

ent with an electrolyte conductivity increase in the catalyst layer.
here is a small increase of R when the Nafion load is increased from

able 3
inetic parameters (E0, b, R) obtained from the fitting of Eq. (1) to the experimental pola
alues of the single cell power densities at 0.7 V are also included.

afion load (%) E0 b
node/cathode (mV) (mV dec−1)

5/25 782 65
5/30 794 63
5/35 794 65
5/40 798 54
Fig. 6. FTIR spectra of the N212 and N112 Nafion membranes, before (A and B) and
after (C–F) the accelerated degradation procedures, for 24 h and 48 h.

35 to 40% and this may be linked to the increase of the diffusion
problems.

In summary, it is seen that the fuel cell behavior with N212 fol-
lows the same trends as those generally found for Nafion® 112, 115
and 117 [21], although they present different water electro-osmotic
and resistivity properties.

3.4. Effects of the membrane degradation

Accelerated degradations of N212 and N112 membranes were
promoted by the ion exchange method [26,28], as described above.
Fig. 6 shows FTIR spectra of fresh and deteriorated membranes.
The peak at 1057 cm−1 is due to S–O stretching. The doublet peaks
at 968 and 982 cm−1 are characteristic peaks of the side chains
of Nafion, and are assigned to the symmetric vibrations of C–O–C
bonds. The shoulder at around 1300 cm−1 is from the C–C bonds.
Other peaks [26,28] of interest are at 1144 and 1203 cm−1, which are
attributed to anti-symmetric vibration of the C–F bonds of Nafion.
The FTIR results showed no significant change after the degrada-
tion of the membranes, indicating that the chemical structure of
N212 and N112 membranes – the main chains and the side chains
– were not substantially decomposed by radical attack. In spite of
any evidence of FTIR, the occurrence of a reduction in the average
molecular weight as proposed before [26,28], cannot be discarded.

Figs. 7 and 8 represent images of the surface and the cross-
section morphologies of N212 (right side) and N112 (left side)
membrane samples, before and after accelerated degradation pro-
cedures at different times (24 h and 48 h). It is seen that the
structure of both fresh membranes are very similar. After degrada-
tion, the N112 membrane shows less damage on the surface when

compared to N212, either after 24 h or 48 h of OH· exposure. Large
defects, such as bubbles, tears and bumps, are found in the N212
membrane surface, while the damage for N112 is far less expressive.
Fig. 8b, d, and f shows that the degradation progression for the N112

rization results in Fig. 6, for single cell with cathodes with different Nafion loads.

R Power (0.7 V)
(� cm2) (W cm−2)

0.18 0.38
0.15 0.48
0.16 0.45
0.21 0.36
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ig. 7. Scanning electron micrographies of the membrane surfaces (500×): Nafion
4 h and (f) 48 h of degradation.

embrane may lead to a reduction in thickness, while no significant
hange on the cross-section is seen for N112. Therefore, although
he FTIR results do not show chemical differences between the fresh
nd degraded membranes, scanning electron microscopy analyses
ndicated significant change in the morphology after the acceler-
ted degradation procedures. In fact, these last results suggest that
212 membrane may be less durable than N112.

Fig. 9 shows the comparison among steady-state polarization
urves obtained for single cells with degraded membranes for
4 h and fresh membranes, working with H2/air 1/1 atm at 70 ◦C.

he polarization curves were recorded at ambient pressures to
void any risk that could result from the appearance of exces-
ive gas crossover in the degraded membranes. As previously
hown (Fig. 3), the MEA built with the N212 membrane, initially
resents a higher performance than N112, but after they were
(a) fresh, after: (c) 24 h and (e) 48 h of degradation; Nafion 212 (b) fresh, after: (d)

submitted to the degradation process, this advantage disappeared
(Fig. 9).

From the results in Table 2, it can be noted that the open
circuit potentials, EOCP, of the single cells built with fresh N212
membrane are higher than with N112, indicating smaller hydrogen
crossover in the former case. After the accelerated degradation pro-
cedure the values of EOCP decreased and became almost the same
for both degraded membranes (836 mV for N212/24 h and 842 for
N112/24 h). This open circuit potential decrease must be related to
the hydrogen crossover increase through the membrane.
To confirm this, a hydrogen crossover assessment was made by
the electrochemical detection of the molecular hydrogen passing
through the membrane, these results are depicted in Fig. 10. It
can be seen that the oxidation currents of the hydrogen crossing
the membrane are smaller for fresh N212 than for N112, confirm-
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ig. 8. Scanning electron micrographies of membrane cross-sections (1000×): N11
fter 24 h and (f) 48 h of degradation.
ng the smaller crossover. At 0.2 V the value obtained for N112
s about 2.4 mA cm−2, while for N212 it is 1 mA cm−2. The value
or N112 is consistent with those presented in the literature for
afion membranes [44–46], which are in the range of 1–2 mA cm−2,
epending on the membrane thickness, measurement conditions,

ig. 9. Steady state polarization curves (logarithm scale) for single cells with N212
efore accelerated degradation for 24 h, N212 and N112 after accelerated degrada-
ion; H2 (1.0 atm)/air (1.0 atm). TH2 = TCell = TAir = 70 ◦C.
resh, (c) after 24 h of degradation and e) after 48 h degradation; N212 (b) fresh, (d)
and the procedure of preparation of the membrane and electrode
assembly. Fig. 10 shows that after the degradation, the hydrogen
crossover increased in both cases, but here the hydrogen oxida-
tion currents for N212 membrane were higher than for N112. This
demonstrates that in spite of the single cell having initially been

Fig. 10. Oxidation of the hydrogen crossing the fresh and degraded membranes.
(A) N212, (B) N112 fresh membranes; (C) N112, (D) N 212 membranes after 24 h of
degradation.
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