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Abstract

The current dependence of the ohmic resistance of Nafion membranes was examined with different types of
humidification: cathodic (ChAd), anodic (CdAh), anodic and cathodic (ChAh) and no humidification at all (CdAd).
Data show that for stacks with humidified cathodes (ChAd and ChAh), the resistance is small and relatively
insensitive to the presence of the anodic humidification. On the contrary, for stacks with non-humidified cathodes
(CdAh and CdAd), the membrane resistance is high and strongly dependent on current and anodic humidification.
The kinetics of membrane dehydration was examined by recording the galvanostatic transients of the stack voltage
and resistance, after removing the humidification. It was found that the changes in the ohmic resistance ARq(?),
although significant, cannot explain entirely the observed decay of the stack voltage. To account for the difference,
an additional resistive term is introduced AR(?). Explicit equations were found for the time and current dependence
of the two resistive terms ARq(?) and ARy(¢) after humidification removal. A tentative explanation for the new
resistive term was provided using electrochemical impedance spectroscopy (EIS). EIS data obtained at low
overpotential show that dehydration of the Nafion present in the cathode catalytic layer results in an increase of the
polarization resistance; the apparent deactivation of the cathode electrocatalyst appears to be due to a decrease of
the electrochemically active surface area.

List of symbols k rate constant for the increase of the membrane
resistance due to dehydration

Rq total stack resistance t=1/k time constant for the membrane dehydration

rs  area resistance AR, increase of the total polarization resistance

rm  area resistance of the Nafion membrane

rn  value of the steady state area resistance of the
membrane after long term operation (¢t = oo) in k'
the absence of cathode humidification.

value of the the steady state area resistance of the
membrane resistance in the presence of humidifi-
cation

due to the dehydration of Nafion in the cat-

alytic layer

rate constant for the increase of the polariza-

tion resistance due to the dehydration of

Nafion in the catalytic layer

v = 1/k’time constant for the increase of the polari-
zation resistance

rmo

1. Introduction

Proton exchange membrane fuel cells (PEMFC) are
promising power sources since they offer a highly
efficient and environmentally friendly solution for
energy conversion. In these devices the organic proton
exchange membrane plays the dual role of electrolyte
and gas separator. Nafion, a perfluorinated polymer
from DuPont, is the most widely used membrane
material owing to its high ionic conductibility and
excellent chemical resistance. Because the ionic conduct-
ibility of Nafion is high only in the wet state and
deteriorates as soon as it starts to dry, water manage-
ment to protect it from drying is a major concern during

fuel cell operation. This subject has attracted consider-
able research effort in recent years, aimed to provide a
better understanding of the water uptake characteristics
of Nafion exposed to vapor or liquid [1-3], the transport
of ions [4, 5] and the properties of water transport across
the membrane [6-10]. The conductivity of Nafion was
extensively studied in ex situ experiments performed by
a.c. impedance [1, 3, 11, 12], or current pulse techniques
[4], in various environments: liquid water, 1 M H,SOy4
and water vapour. Data obtained are rather scattered,
with values ranging from 0.05 to 0.23 S cm™', which
reflects the important role of working conditions,
membrane pretreatment and experimental conditions.
A detailed analysis of the impact of those factors on the
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proton conductivities of Nafion was made by Sade et al.
[13]. These authors also demonstrate that the conduct-
ibility decreases for thinner membranes.

From the practical point of view, the most interesting
data are those obtained from in situ FC experiments [13—
17]; the main topics of these papers are the conductivity
dependence on membrane thickness and current. Data
on the current dependence are apparently contradictory:
Buchi et al. [14, 15] reported an increase of the
membrane resistance with increasing current for mem-
branes thicker than 120 um, and essentially constant
values from membranes with a thickness in the 60—
120 ym. Watanabe et al. [17] performed experiments in
anode-humidified fuel cells, with thin layers of recast
Nafion and found a decrease of the membrane resistance
with increasing current density. The apparent discrep-
ancy of those results can be reconciled if the current
dependence of the conductivity is different, depending
on the membrane thickness.

There are still a series of unanswered problems
regarding the resistance of the Nafion membrane under
various conditions of fuel cell operation. The first of
these would be a direct comparison of the current
dependence of the membrane resistance, measured on
the same system, in different conditions of humidifica-
tion: only anodic, only cathodic, both anodic and
cathodic, or no humidification at all. Such information
could provide an answer to a question with great
practical significance: since the anodic part of the
membrane is known to be drier than the cathodic part,
is the air humidification replaceable by the humidifica-
tion of fuel? A second question of practical relevance is
the rate at which the membrane dehydrates, once the
humidification is removed, as well as the current
dependence of this rate. A third question to be answered
is whether the dehydration of the membrane is the sole
factor responsible for the voltage decay after humidifi-
cation removal, or there is also a contribution due to the
dehydration of the Nafion present in the catalytic layers.

In an attempt to provide information to the above
questions, this paper presents in situ measurements on
small FC stacks with thin Nafion membranes (30 um).
Data will be provided for cells of the size normally used
for systems in the 5-10 kW range, operated at current
densities from zero to 0.4 A cm ™.

2. Experimental details

The fuel cell tested was a stack of five cells, with
machined graphite bipolar plates and an active geomet-
ric surface area (4 =256 cm?). Each cell had a separate
cooling plate, which enabled regulating the stack tem-
perature with an accuracy of +1 °C, using a thermo-
stated water bath. The temperature of the experiments
was 52 £ 1 °C. The MEA were from Gore Associates
(Primea 5561) with carbon-supported Pt/Ru catalyst
and Carbel as diffusion medium. The Nafion mem-
branes had a thickness of (30 + 2) um in dry state.

The electrodes were supplied with pure hydrogen (the
anode) and air (the cathode) at atmospheric pressure.
The inlet airflow was changed with the current, to
correspond to a constant stoichiometry of 4; this value,
higher than usually employed in fuel cell experiments,
was selected in order to insure a complete removal of the
water produced in the cathode compartment. The
hydrogen flow rate was changed according to
fao = 1.1 + 1.1 fy, where f;; is the stoichiometric flow
rate in litres per minute.

Humidification of air and fuel was made using
Permapure humidifiers. The temperature of water and
gases at the stack inlet/outlet was measured using
thermocouples.

The experiments were performed in galvanostatic
mode, using a 1 kW test station manufactured by Fuel
Cell Technologies. The test station enabled determining
in situ the ohmic resistance of the stack, using the
interruption technique [14, 15]. Resistance data thus
obtained were compared with those from electrochem-
ical impedance spectroscopy (EIS) experiments and were
found to be in a satisfactory agreement.

The a.c. impedance spectra were recorded using a
Schlumberger 1250 frequency response analyser, con-
trolled by a PAR 273A potentiostat—galvanostat
(EG&G Instruments). The impedance spectra were
measured in the constant voltage mode by sweeping
frequencies over the 0.015 Hz-65 kHz range, and
recording ten points/decade. The modulating voltage
was 15 mV. To minimize contact resistances, measure-
ments were made in a four-probe arrangement. The
impedance spectrum in the high frequency range shows
an inductive behaviour, characteristic to the experimen-
tal set-up. To avoid complications resulting from these
characteristics, we have limited the high frequency range
to 1 kHz.

3. Results

3.1. Dependence of the membrane resistance on current
and type of humidification

To estimate the conductivity of the Nafion membrane
from stack resistance data, the relative contributions of
various terms to the total ohmic resistance of the cell
were determined.

The ohmic resistance R of the stack with N cells can
be expressed as a sum of contributions from the
uncompensated contact resistance R. (wires and con-
nectors) and the ohmic resistances of the cell compo-
nents: the resistance of the membrane (R,,), the catalyst
layer (Rc.), the backing (Rp,c), the endplates (R.p)
and the contacts between the membrane/catalyst layer
(Rm/cat), catalyst layer/backing Rea/back, and backing/
endplates (Rpack/ep). Among those terms, Ry, and Rpjcar
are ionic resistances, while the remaining terms are
electronic resistances:



RQ = Rc + N(Rm + Rcat + Rback
+ ch + 2Rm /cat + 2Rcat/back
+ 2Rback/ep) = R¢ + NR; (1)
To separate R from R., we determined the resistance
of the stack containing different numbers (V) of cells, in
an experiment in which one of the voltage probes was
maintained constant and the other was successively
switched between cells 1 to 5. The wvalue of
Ro = R, + N Ry (where R is the resistance of a
single cell) was represented as a function of N. The
linearity of the data showed that the five cells had equal
resistance. The slope of the straight line thus obtained
provided the resistance of a single cell Ry, while the
ordinate yielded the value of the contact resistance
R, = 246 mQ. The values R, were thus used to
evaluate the area resistance ry = RS (where S is the
geometrical area S = 256 cm?). The r, values cannot be
used to determine directly the membrane conductivity,
since they contain non-negligible contributions from the
resistance of the bipolar plates and gas diffusion
medium; a separate evaluation of those terms in
experiments without membranes resulted in values in
the 0.05-0.07 mQ cm?. Since these values are 40-60% of
the measured area resistances in humidified conditions,
our study will be limited to discussing r,, instead of
membrane conductivity. Among the resistive compo-
nents contributing to the value of ry, it is only the Nafion
resistance that is influenced by the humidification.
Figure 1 presents the dependence of the ohmic resis-
tance of the stack on the current, as measured for
different types of humidification: AdCd (anode dry,
cathode dry), AdCh (anode dry, cathode humidified),
AhCd (anode humidified, cathode dry), AhCh (both
anode and cathode humidified). This Figure clearly
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shows that there are two distinct behaviours, depending
on the humidification of the cathode: for cases AdCh
and AhCh, the resistance is low and almost constant
over the investigated current range. For cases AdCd and
AhCd (with non-humidified cathodes), the resistance is
high, and shows a significant decrease with increasing
current; the decrease is more significant for AhCd,
which at low currents has a resistance close to AdCd,
while at high current it approaches values obtained for
AdCh. The above data clearly demonstrate that the
anodic humidification and cathodic humidification are
not equivalent and that optimal membrane conductibil-
ity cannot be obtained with anodic humidification only.

The dependence of the membrane resistance on
current and humidification type depends on the distri-
bution and transport of water in the membrane. The net
amount of water transported across the membrane is the
result of two processes directed in opposite directions:
the electroosmotic drag and the back diffusion. In our
previous paper [18], it was shown that if the global
concentration of water in the cathodic compartment
(resulting both from the electrochemical process and the
humidified air stream) is higher than the concentration
of water that can be removed as saturated vapour, then
liquid water tends to accumulate in the cathodic
compartment; the result is that the concentration of
water at the Nafion surface attains the limiting value c,.
This case applies for fuel cells with humidified cathodes
(AdCh and AhCh), which explains why, in such cases,
the net water flux through the membrane is directed
from the cathode to the anode [18]. As long as the net
amount of water transported from the cathode to the
anode is sufficient to compensate for the evaporation at
the anode interface, the resistance of the membrane
remains low. Since the water concentration at the
cathode/membrane interface cannot exceed the limiting
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Fig. 1. Ohmic resistance of the stack as a function of current for different humidification types.
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value, the increase of current results only in accumula-
tion of more liquid at the interface, so that no major
variations are expected for the resistance as the current
changes.

If the cathode is not humidified (cases AhCd and
AdCd), the water concentration at the cathode/mem-
brane interface is smaller than ¢, and increases with the
water produced electrochemically, that is, with the
current. In this case, the cathodic side of the membrane
contributes to a non-negligible extent to the resistance.
The water concentration gradient across the membrane
is also considerably smaller (particularly for thin mem-
branes) than in the preceding cases (AdCh or AhCh), so
the amount of water transported to the anode by back
diffusion is lower. Both effects are responsible for the
high resistance observed at low currents for AdCd.

For AhCd, at low currents the sense of the net
transport across the membrane is directed from anode
to cathode [18]; in this case, the anode side of the
membrane is still dehydrated, so that the humidification
of the anode produces only a moderate decrease in
resistance for AhCd with respect to AdCd. On the other
side, the effect of current increase is a major one, since it
determines a reversal of the sense of transport for
i > 0.25 A cm™. This explains the fact that at high
current, AhCd behaves similarly to a system with
humidified cathode.

3.2. Kinetics of dehydration

The membrane dehydration experiments included
recording the resistance transients after humidification
removal at constant current and stack temperature.
Figure 2 presents four possible situations, recorded at a
constant current of 60 A (i = 0.234 A cm™2): curves (a)
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Fig. 2. Transients of the ohmic resistance at constant current
(I=60 A): (a) after cutting off the anode humidification. Initial state
ChAh; (b) after cutting off the cathode humidification. Initial state
ChAh; (c) after cutting off the cathode humidification. Initial state
ChAd; and (d) after cutting off the anode humidification. Initial state
CdAh.

and (b) present the cases when the stack initially had
both anodic and cathodic humidification (AhCh): the
transient was recorded after cutting off humidification at
the anode (a), or at the cathode (b). Curves denoted by
(c, d) present the effect of humidification interruption
when the stack initially had only the humidified com-
partment: cathode for (c), or anode for (d). It may be
seen that the effect of removal is a major one for
cathodic humidification and a relatively unimportant
one for anodic humidification.

To provide information on the kinetics of the MEA
dehydration process after humidification removal, we
considered in more detail the cases denoted by (c) and
(d), in which the stack had initially only one type of
humidification: cathodic (c) or anodic (d).

3.2.1. Effect of cutting off the cathode humidification
Before starting the experiment, the stack was left to
equilibrate at 50 A and 52 °C, with cathodic humidifi-
cation; the temperature of the humidified air at the stack
inlet was 42 °C. The humidification conditions were
selected to be similar to those used in practical appli-
cations for medium and large size PEM FC stacks, that
is, with a temperature of humidification lower than the
temperature of the stack, which results in a relative air
humidity lower than 100%. If the air humidity were
100% at the stack inlet, the excess water produced
electrochemically would overflow the cathode [18].

After 30 min, the current was switched to the working
value and the stack was left to equilibrate with contin-
uous humidification for another 15 min. Subsequently,
the cathodic humidification was cut and the change of
the voltage and resistance were followed as a function of
time for 40-60 min. From Figure 3(a) it may be
observed that the stack resistance increases rapidly in
the first minutes after humidification removal and after
40—-60 minutes, it levels off to an almost constant value.

The transients presented in Figure 3(a) can be used to
provide information on the kinetics of membrane
dehydration. The rate of increase of the membrane
resistance can be expressed as

dry
E:_k(’”m_”n) (3)

where r,, is higher than the initial value of the resistance
in the presence of humidification by a constant value 9:

rm(t = O) = "mo (4)
Fn = It = 00) = Fmo + 0 (5)
Integrating Equation 3 with the boundary conditions

(4) and (5) gives the time dependence of the resistance
increase:

Fm(2) = rmo + O[1 — exp(—k?)] (6)
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Fig. 3. (a)Transients of the ohmic resistance after interruption of the cathodic humidification. Legend specifies the stack current. Initial state

ChAd. (b) Current dependence of the parameters é and ¢".

Equation 6 was used to fit the experimental transients
of Figure 3(a) to obtain the values of the parameters in
Equation 6. Since the resistance of the current collectors
and carbon paper are not influenced by water exposure,
they are included in the time-independent term, so that
the experimental values of the area resistance are
identical with Ary, = rn(f) — rmo. Figure 3(a) presents
a comparison of the experimental data (points) and the
fitted dependences (lines). The value of the rate constant
k was found to be k = 0.118 + 0.04 min~".

The values of  are a function of the current density,
as seen from Figure 3(b). The data could be fitted to an
exponential relationship:

0 =aexp(—i/im) (7a)

with the parameters a = 0.26 Q cm® and iy, =
0.22 A cm™.

Combining Equations 6 and 7(a), gives the time and
current-dependence of the ohmic resistance after remov-

ing the cathode humidification:

Ar (1) = aexp(—i/im)[l — exp(—t/7)] (7b)
3.2.2. Effect of cutting off the anode humidification

A similar series of experiments was performed on the
stack initially humidified only on the anodic side. Before
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Fig. 4. Transients of the ohmic resistance after interruption of the
anodic humidification. Legend specifies the stack current. Initial state
CdAh.

starting the experiment, the stack was left to equilibrate
at the working current and 52 °C, with anodic humid-
ification; the temperature of the humidified hydrogen at
the stack inlet was 42 °C. After 30 min, the anodic
humidification was cut off and the change in voltage and
resistance were followed as a function of time for 40—
60 min.

The transients obtained for the ohmic resistance Rq at
several currents are presented in Figure 4. Inspection of
those figures reveals several differences with respect to
those obtained in the previous case: (a) the initial values
of the ohmic resistances are higher than for humidified
cathode; (b) the overall increase in time is considerably
smaller; and (c) the transients at low and high currents
have different patterns: those at 20 A and 40 A have an
appearance close to that observed previously with
removal of cathodic humidification. At the highest
currents (/ = 60-100 A), the transient shows small,
but reproducible, oscillations. The presence of the
oscillations prevented us from performing a systematic
evaluation of parameters, as done in the previous case.

3.3. Effect of Nafion dehydration in the cathode catalytic
layer

Although changes of the membrane resistance after
interruption of the cathode humidification are relatively
important, the corresponding ohmic drop cannot
account entirely the for the observed voltage decay.
The voltage transients obtained simultaneously with the
resistance transients are presented in Figure 5 for five
values of the current. Figure 6 presents a comparison
between the voltage transient £(¢) at I = 60 A and the
calculated values of the function:

E'(t) = E(0) — I [Ra(t) — Ra(0)] = E(0) — IARq  (8)
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Fig. 5. Transients of the stack voltage after interruption of the
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Increase in ohmic drop JARq accounts for only a small
fraction of the observed voltage decay. The system
behaves as if an additional resistance change appears:

E(1) —E'(1)

AR, = ; )



Figure 6 shows that the values of AR,, are significantly
higher than those of ARg. The additional increase in
area resistance Ar, was found to obey a time dependence
similar with that of Ar,.

Arp = 8'[1 — exp(—k't)] (10)

Since the resistance of the current collectors and
carbon paper are not influenced by water exposure, Ar,,
should be assigned to a dehydration effect, namely that
of the Nafion in the catalytic layer. The presence of the
polymer in the catalytic layer is required in order to
insure continuity of the proton paths from the mem-
brane to the active site. Dehydration of the Nafion in
this layer is expected to occur at a lower rate than that of
the membrane, since it is closer to the water-generating
sites. This is confirmed by the experimental and fitted
time dependences of Ar,, presented in Figure 7 from
which the rate constant was determined to be
kK’ = 0.061 + 0.0l min~', a value lower than that
found for k. The values 6" are compared in Figure 3(b)
with those obtained previously for 6. Time and current
dependence of Ar, are represented by

Ar, = d exp (l;l) [1 — €exp <;_’t)}

m

(11)

where the values obtained from the fit,
d = 1272 Qcm? and v = 15 min, are higher than
the corresponding values obtained for the membrane
resistance, while the value /. = 0.22 A cm™ is almost
equal to that obtained for i,,.

3.4. EIS experiments

To provide a better understanding of the causes deter-
mining the appearance of the new resistive term, EIS
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Fig. 7. Transients of AR, after interruption of the cathodic humidi-
fication. Legend specifies the stack current. Initial state ChAd.
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spectra of the stack were recorded before and at
different intervals after removing the cathodic humidi-
fication (Figure 7). As discussed previously, these spec-
tra provide information only about the cathode
impedance, since anodic contributions are extremely
small [19]. The spectra were recorded under potentio-
static conditions, with Vi, = 4.5V, which corre-
sponds to an average cell voltage of 0.9 V. This value
was selected to be close to the open circuit cell voltage
(Eocy=0.925 V) to avoid mass transport effects. At
lower cell voltages (high overvoltages), the EIS spectrum
generally consists of two loops, with the low frequency
loop due to the slow diffusion of air in the gas diffusion
medium [19]. At potentials close to OCV, the spectrum
contains only the high frequency loop and the changes
observed in the EI spectra are due to ohmic and charge
transfer effects [19].

Figure 8(a) and (b) present the spectrum of the stack
(Nyquist and Bode plots) with cathodic humidification
(case AdCh), as well as spectra recorded at t = 5, 10,
20, 30, 40, 50 and 60 min after removing the humidi-
fication. The high frequency limit of the spectrum
represents the ohmic resistance of the membrane; while
the values increase in time, changes are too small to be
observed on the scale of the graph. In Contrast, it may
be seen that the diameter of the semicircle shows a
considerable increase; this diameter provides informa-
tion on the polarization resistance. The value of
the latter will be denoted R; to distinguish it from that
obtained in galvanostatic conditions. Values of R;,,
as well as those of the double layer capacitance of
the cathode Cy, were obtained by fitting the experi-
mental EI spectra to an equivalent circuit containing
a series combination of Rg with a parallel circuit (R,
Cq1). The values obtained for R, and Cg (values for
the entire stack) at different time intervals after inter-
ruption of the cathodic humidification are presented in
Figure 9.

The increase of R), can be used to provide information
about the changes produced by dehydration in the
cathode catalytic layer. At constant overpotential, the
area resistance 7/, is related to the apparent value of the
charge transfer resistance ( by the simple relation-
ship [19]:

72 )epp

o = (p)app €XP (?) (12)

Here 7 is the cathode overpotential and b is the Tafel
slope b = RT/(anF), where n is the number of electrons
transferred in the rate-determining step and o is the
charge transfer coefficient. Since the potential applied is
very close to the OCP, both mass transport and ohmic
overpotentials are very small, so that the overpotential is
determined by the charge transfer term.

In the present experiments # is constant, so that the
observed changes of r; are due to (rp),,,- The latter
value is related to the apparent exchange current density
(i%)app by the simple equation:
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" RT

pJapp = nF (1) o0

(13)

From Equations 12 and 13 it appears that the
observed increase of R; following the interruption of
humidification provides a measure of the apparent
activity decrease of the cathode. In principle, this

decrease may be due to a decrease in the intrinsic
activity of the electrode, i°, or to a decrease in the
electrocatalytically active surface area S, (the actual
area of the catalyst corresponding to 1 cm? geometrical
area)

(1) app = 1"Sact (14)

To decide between the two options, we examined the
behaviour of the Bode plots (phase angle vs frequency).
These plots are expected to be identical if the only change
in the system is a variation of the surface (since the two
components of the impedance (Z and Z’) are affected in
the same proportion). An inspection of the Bode plots in
Figure 8(b) shows that, despite the significant changes in
R;), the phase angle is practically constant during the
experiment. This observation supports the idea that the
change occurring during the dehydration is a decrease in
Sact- Other causes for the decrease in double layer
capacitance can be ascribed, like the change of the
dielectric properties of the double layer, to dehydration.
However, if this were the case, the phase angle would
change with respect to the initial value.

Approximate values of the latter can be obtained from
the double layer capacity of the cathode (Cyg) by
dividing by the capacitance of 1 cm” of Pt at 0.9 V vs
NHE, that is, Cq(Pr) = 40 uF cm™ [19]. To avoid
errors introduced by the choice of Cy (Pf), we have
represented in Figure 9 only the relative changes in time
of the ratio Syer (1)/Sact (0) = Cai (1)/Car (0).

The fact that the effect of the cathode humidification
removal is equivalent to a decrease in active surface area
of the electrocatalyst can be explained in terms of the
dehydration of the Nafion present in the catalytic layer.
Here, the role of Nafion is to insure continuity of the
proton paths between the membrane and the catalytic
sites. Dehydration can produce an interruption of some
of those paths, which is equivalent to the disappearance
of part of the active sites.

Although AR;3 data, obtained from potentiostatic EIS
experiments cannot be directly compared with the values
AR, obtained from galvanostatic transients, it is rea-
sonable to assume that the origin of the deactivation due
to a decreased water exposure is the same.

Thus, it appears that the effects of membrane con-
ductivity changes due to dehydration have been largely
overestimated in the past and that most of the perfor-
mance loss observed originates in the cathode catalytic
layer. This idea is supported by recent studies, demon-
strating the positive effect of hydrophilic agents added
to the catalytic layer on the performance of fuel cells
operated at high temperatures or in the absence of
cathode humidification [20].

4. Conclusions

The in situ ohmic resistance of thin (30 um) Nafion
membranes in Gore Primea 5561 MEAs was determined
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Fig. 9. Change of R, Cq; and S,(t)/Sac(0) as a function of time after interruption of the cathodic humidification (Initial state ChAd).

at current densities in the 0-400 mA cm ™ range and

different humidification conditions. Two different types
of current dependencies were found, depending on
whether the cathode was humidified or not. For
the stack with cathodic humidification (cases ChAh or
ChAd), the membrane resistance was found to be
practically constant, no matter whether the anode
was humidified or not. This behavior is similar with
that reported by Slade for fully humidified mem-
branes of Nation 112 [13]. For the stack with non-
humidified cathodes, the membrane resistance was
considerably higher at low current and showed a
decrease with increasing current, more significant for
the system with anodic humidification (CdAh); for the
latter, the values at the upper limit of the investigated
current range were close to those obtained for the fully
humidified stack. The decrease in membrane resistance
with increasing current for the case CdAh is similar to
that reported by Watanabe et al. for very thin mem-
branes of recast Nafion [17] and can be explained in
terms of the current dependence of the effective drag
coefficient [18].

The resistance transients after the interruption of
humidification also show a significant dependence on
the humidification type: the increase in membrane
resistance Ar,, is significant after interruption of the
cathodic humidification (no matter whether the anode is
still humidified or not) and relatively small after
interrupting the anode humidification. Thus, the change
in resistance appears to be determined by the water
concentration ¢, at the cathode/membrane interface.
Significant changes appear to be due to a reequilibration
of the water profile in the membrane from a state with a
constant ¢, (as determined by the presence of liquid
water in the cathode compartment) to one in which ¢, is
small and current-dependent. This reequilibration is
rate-determining for the observed resistance increase
after the interruption of cathode humidification.

The most important conclusion is that the increase in
membrane resistance is responsible only for a relatively
small part of the voltage decay observed after removing
the cathode humidification. To account for the voltage
decrease in excess to that caused by membrane dehy-
dration, an additional resistive contribution had to be
considered, which shows a current dependence similar
with that of the ohmic resistance of the membrane.
Based on data obtained from EIS experiments, this
contribution was assigned to an increase in the polar-
ization resistance, caused by the dehydration of the
Nafion in the catalytic layer of the cathode. The
apparent deactivation of the cathode produced by
dehydration was tentatively explained by a decrease in
the active surface area of the electrocatalyst, as a result
of the latter process.
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