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a b s t r a c t

Water management is a significant challenge in portable polymer electrolyte membrane (PEM) fuel cells
and particularly in proton exchange membrane (PEM) fuel cells with air-breathing cathodes. Liquid water
condensation and accumulation at the cathode surface is unavoidable in a passive design operated over a
wide range of ambient and load conditions. Excessive flooding or dry out of the open cathode can lead to a
vailable online 14 December 2009
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dramatic reduction of fuel cell power. We report a water management design based on a hydrophilic and
electrically conductive wick. A prototype air-breathing fuel cell with the proposed water management
design successfully operated under severe flooding conditions, ambient temperature 10 ◦C and relative
humidity of 80%, for up to 6 h with no observable cathode flooding or loss of performance.

© 2009 Elsevier B.V. All rights reserved.

athode flooding
icking media

. Introduction

The demand for improved power solutions for portable appli-
ations has spurred significant research into miniature fuel cells.
raditional fuel cell systems are complex and bulky; often requiring
any auxiliary components such as humidifiers, pumps, compres-

ors, fans and heat sinks. These are in addition to the fuel container
nd the actual fuel cell. The challenge faced by designers of a
iniature fuel cell aimed at replacing batteries in portable power

pplications is in downscaling and simplifying the existing fuel cell
rchitectures, and at the same time matching the robustness, range
f operating conditions and cost of batteries and outperforming
heir energy density [1].

Water management is a crucial part of any fuel cell system and
an be particularly challenging to miniaturize. Most fuel cells for
ortable applications use polymer electrolyte membranes (PEM),
uch as NafionTM, as an electrolyte. To obtain high ionic conductiv-
ty, these membranes must be fully saturated with water [2–4].
or efficient operation, therefore, PEM-based fuel cells require

ater-balanced operation under all operating conditions. Insuffi-

ient water production leads to membrane and catalyst layer dry
ut, causing an increase in resistive and activation losses. On the
ther hand, excessive water production leads to condensation and

∗ Corresponding author at: Stanford University, Mechanical Engineering, Building
30, Room 226, Stanford, CA 94305, USA. Tel.: +1 650 723 7629; fax: +1 650 723 5034.

E-mail address: tfabian@gmail.com (T. Fabian).

378-7753/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2009.12.030
flooding, which in turn causes an increase in mass transfer losses
[5,6].

Many approaches have been developed for fuel cell water man-
agement: upstream reactant flow humidification [2,7], cathode
water removal by positive cathode to anode gas pressure differ-
ential [8,9], water removal by super-stoichiometric flow [10,11] or
transient purge [12,13], and water removal by the formation of a
pressure gradient between a flow channel and a coolant channel
through a porous bipolar plate [14]. For a detailed review see also
[15]. Although these water management techniques differ in imple-
mentation, they all require bulky components such as humidifiers,
blowers, compressors, and are largely unsuitable for miniature pla-
nar architectures.

Planar air-breathing polymer electrolyte fuel cells are attractive
for the smallest portable power applications due to their sim-
ple construction and minimum balance of plant [16–23]. They are
characterized by open-cathode architectures whereby delivery of
oxygen from ambient air occurs by diffusion and natural convec-
tion (or small amounts of forced convection by local atmospheric
or room conditions). As a consequence of the open-cathode con-
struction, water-balanced operation is difficult to achieve over a
wide range of operating conditions. None of the aforementioned
techniques for water management can be applied in a planar open-

cathode design due to the lack of control of the relative humidity
and temperature of the ambient air as well as the absence of flow
channels with pressure gradients for liquid water advection.

The specific architecture and requirements posed by air-
breathing cells demand nontraditional water management

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:tfabian@gmail.com
dx.doi.org/10.1016/j.jpowsour.2009.12.030
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2.2. Experimental setup

We use an experimental setup consisting of an environmental
chamber, DC load, and a potentiostat. Detailed description of the
202 T. Fabian et al. / Journal of Po

pproaches. Yao et al. [24] proposed a water management design
t the cathode of a miniature air-breathing direct methanol fuel
ell (DMFC) based on selective hydrophilic/hydrophobic cathode
atterning, variation in cathode through-hole diameter, and
ravity driven droplet flow. This architecture enables recirculation
f product water but is strongly orientation dependent. In simulta-
eous work, we presented a demonstration of the use of patterned
icks for water management in air-breathing cathodes [25].

Water management with hydrophilic wicks or water-collecting
ayers has already been demonstrated in fuel cells. For example, Ge
t al. [26,27] embedded polyvinyl alcohol (PVA) wicks into gas flow
hannels for water redistribution. However, internal wicks alone
annot prevent flooding since they have finite storage capacity.
urthermore, PVA wicks are non-conductive, require flow channel
odifications, and obstruct current paths. As an alternative, Yi et

l. [14] implemented a hydrophilic porous graphite plate to serve
imultaneously as gas flow manifold and to remove excess water.

ater flow from the cathode channels through the porous plate is
ccomplished by a positive pressure gradient between the cathode
ow channels and coolant channels and/or anode flow channels

ocated in the vicinity of the cathode flow channels. This approach
implifies the integration of the wicking structure and can elim-
nate flooding in a closed stack manifold, but cannot be directly
mplemented in an air-breathing cathode due to the lack of a closed
athode channel and the requirement for a compressor.

In this paper we report on an approximately scalable,
rientation-independent, water management design for an open-
ir breathing cathode based on a hydrophilic and electrically
onductive wick. The hydrophilic conductive wick is in direct con-
act with cathode gas diffusion layer (GDL) and serves as a water
ollector and distributor layer which hydraulically links the entire
athode surface. We then discuss the performance of this wicking
trategy in the context of a simple cathode water balance model
ased on our earlier experimental observations [28] and model-

ng efforts [5], and propose modifications to our model to capture
urface flooding effects.

. Experimental methodology

In this section we present details of the experimental setup:
esign of the planar fuel cell, water collector layer, and the mea-
urement protocol.

.1. Fuel cell hardware

The experimental cell consists of several functional layers
tacked on top of each other and held together with bolts. The outer
imensions of the system were 7 cm × 7 cm × 1 cm. The hydrogen
eed chamber is a Delrin back-plate with two hydrogen distribution
hannels (each 5 mm wide, 5 mm deep, and 3 cm long). We use a
rinted circuit board (PCB)-based anode with 10 1.5 mm wide par-
llel flow channels spaced 1.5 mm apart. We use a self-humidifying,
afion 112-based 5-layer membrane electrode assembly (MEA)

BCS Fuel Cells Inc., Bryan, TX) with 3 cm × 3 cm active area and
mg cm−2 catalyst loading on both sides. Silicone rubber gaskets
laced between individual layers seal the anode compartment and
rovide for optimal MEA compression. The top layer of the cath-
de consists of a rigid printed circuit board (PCB) superstructure
ith 10 parallel ribs 1.5 mm wide with edges spaced by 1.5 mm.

n our experiments we compare two cathode assemblies. Fig. 1a

hows a schematic cross-section of the first cell assembly (show-
ng only two neighboring cathode ribs), where the cathode current
ollector PCB superstructure is in direct contact with the cathode
DL. This is a traditional cathode current collector arrangement and
erves to demonstrate the impact of cathode flooding. Fig. 1b shows
Fig. 1. Schematic cross-section views of an air-breathing cathode without (a) and
with (b) a porous, hydrophilic, thermally and electrically conductive wick serving
as an integrated water collector layer.

a schematic cross-section of the second cell assembly with water
collector layer constructed of 1.5 mm thick porous graphite plate
GDM 1.5-1000 (Sigracet, SGL Technologies, St. Marys, PA), embed-
ded between the cathode GDL and cathode current collector. The
porous graphite has a mean pore diameter of 38 mm, 60% porosity,
and about 8 cm water rise height. Parallel through-slots identical
with the channels of the cathode PCB superstructure are machined
into the graphite plate for air access. The water collectors under-
neath the ribs are interconnected through water collector areas at
the circumference of the cell. Exploded view of the cathode half of
the single cell air-breathing fuel cell stack is shown in Fig. 2.
Fig. 2. Exploded view of the air-breathing fuel cell cathode comprising 3 cm × 3 cm
active area MEA, gasket, in plane water collector, and cathode current collector. For
simplicity tension bolts and assembly holes are not shown.
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xperimental setup can be found in [28]. The air-breathing cell ran
n dry hydrogen with a dead-ended anode inside of the environ-
ental chamber. A DC load attached to the fuel cell controlled by a

abView script on a PC set the current of the cell.

.3. Measurement procedure

We have characterized the performance of the air-breathing
uel cell with and without the water collector layer by a set of
alvanostatic measurements. During the measurements the cur-
ent was set to a constant value and the cell voltage as well as the
ell surface temperature were recorded until either the cell voltage
ollapsed or a steady state was attained. The temperature of the
ell was recorded with a fine gauge unsheathed K-type thermo-
ouple (Omega) on the top surface of the cathode current collector
ib in the geometric center of the open-cathode area. The overall
uration of each galvanostatic measurement was up to 6 h. Sepa-
ate galvanostatic measurements were made at current densities of
00, 200, 300, 400, 500, and 600 mA cm−2, respectively. The fuel cell
as always operated under heavy flooding conditions: dead-ended

node gas flow, open-cathode area horizontal and facing upwards,
atural convection above the cathode, and ambient conditions set
o 10 ◦C and 80% relative humidity.

Before each measurement, the fuel cell cathode and anode were
urged with compressed air and any liquid water accumulated on
r in the cell was removed. Then, the anode compartment was
urged with hydrogen, the anode outlet was sealed, and the anode
ow meter was checked for indications of a leak. Typical open cell
oltage hydrogen flow rates were about 0.5 sccm. After the anode
urge the cell was first connected to both the load and the poten-
iostat and then it was placed inside the environmental chamber.
he cell’s temperature and membrane humidity were allowed to
quilibrate for about 10 min prior to each measurement.

. Results

In these experiments we characterized the long-term stability
f an air-breathing fuel cell with and without cathode water col-
ector while operated under severe flooding conditions. Both cell
otential and cathode surface temperature were recorded.

.1. Control case of a cathode without water management

Fig. 3a shows typical measurement of the cell potential during
alvanostatic operation as a function of time for current densities
anging from 100 to 600 mA cm−2 for the control cathode without
he water collector. The cell voltage varied significantly over time
ith two distinct time constants. In the first few minutes (<5 min)

he cell voltage quickly rose and reached a maximum value; during
his period the cathode was free of any liquid water. In the second
nterval, associated with a gradual buildup of liquid water on the
athode surface, the cell voltage gradually decreased and the rate
f decrease accelerated with time. At current density settings of
00 and 200 mA cm−2, the cathode flooding led to complete surface
lockage and the cell voltage collapsed to zero without achieving a
teady state working condition. On the other hand at load currents
t and above 300 mA cm−2, the cathode flooding did not completely
lock the surface. Instead, both the cell voltage and the fraction of
athode water surface coverage eventually stabilized. For increas-
ng values of current density, this stability point was characterized

y decreasingly smaller fraction of equilibrium water surface cov-
rage. At a current density of 600 mA cm−2 no liquid water was
bserved at the cathode surface. Furthermore, the equilibrium con-
ition was achieved more rapidly with increasing current density.
he larger the load current, the faster the buildup of water on the
Fig. 3. Characteristic measurements of cell potential (a) and cathode temperature
(b) as a function of time for current densities ranging from 100 to 600 mA cm−2 for a
control case, air-breathing cathode without an embedded water collector layer. The
ambient conditions were 10 ◦C and 80% relative humidity.

cathode surface, and the faster the cell either completely flooded
or reached a stable equilibrium.

Fig. 3b shows the corresponding cathode surface tempera-
tures as a function of time for current densities between 100 and
600 mA cm−2. These cathode temperature time series show dynam-
ics similar to the cell voltage. In cases that lead to a steady state,
the cell temperature rose quickly to an initial value in less than
∼5 min (not shown here), then gradually increased (during which
we observed liquid buildup at the surface), and eventually satu-
rated at a stable value. In cases with no apparent steady state,
the initial temperature rise was followed by a slow but acceler-
ating temperature rise without a stable endpoint (e.g., the 100 and
200 mA cm−2 cases).

3.2. Cathode with water collector layer

In a second set of experiments we investigated the long-term
stability of an air-breathing fuel cell with the integrated water col-
lector layer. The water collector layer used in these experiments
extended to the cell circumference where it formed a 2 cm wide
frame region, thus providing a large water buffer capacity. The cell
was operated under the same conditions as in the experiments
associated with Fig. 2. For the durations explored here, the wick
absorbed and drained all the water condensed in the cathode chan-
nels without achieving full saturation of the frame region in the
periphery. However, even under the limit of full wick saturation,
we observed that water preferentially escapes via gravity (drip-

ping) from the wick at the cell circumference (at or near the lowest
point) rather than flooding the cathode channels.

Characteristics measurements quantifying fuel cell potential
and cathode surface temperature for a cathode with water collec-
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Fig. 5. Plot of predicted generated water flux and cathode vapor flux from Eq. (1) as
a function of current density for different values of cathode-surface relative humid-
ity, RHgdl . The parameters used to generate the plots were based on experimental
observations of [28] and [6] and the following selections: convective mass transfer
coefficient h = 0.35 cm s−1, ambient temperature Tamb = 26 ◦C, and ambient relative
humidity RHamb = 10%. The cathode surface temperature was increased by 7.2 ◦C for
each 100 mA cm−2. The generation flux (the thicker straight line) is the molar flux
of water generated by the fuel cell reaction. The convective (water vapor) flux lines
are shown for surface relative humidity ranging from 40 to 100% as per Eq. (1).
ig. 4. Measurements of cell potential (a) and cathode temperature (b) as a function
f time for current densities ranging from 100 to 600 mA cm−2 for an air-breathing
athode with an embedded water collector layer. The ambient conditions were 10 ◦C
nd 80% relative humidity.

or as a function of time for current densities ranging from 100 to
00 mA cm−2 are shown in Fig. 4a and b, respectively. Similar to the
ontrol experiments without the water collector layer, the cell volt-
ge and cathode temperature initially rose quickly (<5 min) after
he load current was established. However, for this arrangement,
he fuel cell potential and cathode temperature remained relatively
table thereafter for the entire duration of the experiment (6 h).
n contrast to the control case, the cell voltages were stable at all

easured current settings. Also, the setup with the wick exhibited
lightly lower temperatures than the steady state values achieved
y the control case.

. Discussion

In this section we briefly describe a simple water flux balance
odel at the cathode of an air-breathing PEM fuel cell, and then

se it to help interpret the experimental results.

.1. Steady state water flux balance at the cathode of an
ir-breathing fuel cell (control case of no water collector layer)

The water flux balance at the open-air cathode of a passive
ir-breathing fuel cell is controlled by mutually coupled heat and
ass transfer processes [5]. Under the simplifying assumption of
dead-ended anode, and zero hydraulic pressure between anode

nd cathode (and zero anode water flux) and under steady state

onditions (no water accumulation), the water flux generated at
he cathode catalyst must equal the convective flux away from
he cathode. In the absence of gravity driven liquid flow (cathode
orizontal facing upwards) the convective water flux at the cath-
de occurs only in vapor form and the water flux balance can be
The accumulation flux curve is the generation flux minus convective flux at surface
humidity of 100% when this difference is positive and zero otherwise. The “dry out”
labels shown apply only to the convective flux case of 100% relative humidity at the
surface.

expressed as [5]:

j

2F
= h

R

(
RHgdl

psat(Tgdl)
Tgdl

− RHamb
psat(Tamb)

Tamb

)
(1)

where j is the current density, F the Faraday constant, Tgdl the sur-
face temperature of the cathode, RHgdl the relative humidity at the
cathode surface, h the natural convection mass transfer coefficient,
R the universal gas constant, psat the saturated water vapor pres-
sure, Tamb ambient temperature, and RHamb is the ambient relative
humidity.

The cathode convective water flux is driven by the difference in
water vapor concentration between the cathode surface and ambi-
ent. For a given ambient relative humidity and temperature, the
saturated water vapor pressure at the cathode surface therefore
limits the maximum cathode water flux. In general, the cathode
surface temperature and current density are coupled due to self-
heating. For a qualitative understanding of the water flux balance
in Eq. (1) as a function of current density we will assume a lin-
ear dependence between cathode surface temperature and current
density, as suggested by many transient polarization measure-
ments in [28]. This is a simplifying but useful assumption based on
experimental data and we will revisit it later in light of our experi-
mental observations. The convective water vapor transfer presents
a bottleneck in water transport; and flooding occurs when the cath-
ode water generation rate exceeds the maximum cathode vapor
flux.

Fig. 5 shows an example plot of the predicted steady state water
flux balance in Eq. (1) based on a linear dependence between
cell current and cathode surface temperature. The parameters
used to generate these curves were selected to show cell oper-
ation with distinct regions of flooding and dry out, RHamb = 10%,
Tamb = 26 ◦C, and a typical temperature change per current of
dT/dj = 72 ◦C A−1 cm−2, see also [28]. The generated water flux ver-
sus current density is linear with slope and equal to 1/2F. On the

other hand the convective flux increases exponentially with current
density due to the coupling between current density and cathode
surface temperature (and the exponential dependence of vapor
pressure on temperature). Shown are data for four values of cathode
surface relative humidity RHgdl: 40%, 60%, 80%, and 100%.
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Fig. 6. Plots of steady state polarization curves (a) and cathode temperature profiles
(b) for a planar fuel cell with an air-breathing cathode with and without water
collector layer. For the potential measurements of the no wick control case, we

ode is summarized in Fig. 6. Fig. 6a presents the steady state IV
T. Fabian et al. / Journal of Po

For a given current density, if the water generation flux exceeds
he convective flux, then surface humidity increases until the con-
ective flux equals generation flux or surface humidity reaches
00%. When the cathode surface humidity reaches 100%, if the
eneration flux still exceeds convective flux, then water vapor
annot carry additional water and liquid water builds up on
he surface. If at 100% surface humidity the generation flux is
ess than the convective flux, then we can expect eventual dry
ut.

In Fig. 5 the line for convective flux with 100% surface rela-
ive humidity (the maximum convective flux) intersects with the
ater generation line twice, suggesting that there are at least

hree distinct regions associated with net water accumulation.
t current densities below the first and above the second inter-
ection, all of the generated water is removed from the cathode
urface and the membrane is less than 100% humidified. At the
ntersection points the membrane is fully saturated and the gener-
ted water flux equals the maximum convective water flux. These
ntersection points represent ideal operating conditions since the

embrane is fully humidified (low ohmic resistance) without cath-
de flooding. (We note that the current analysis does not tell us
f these operating points are expected to be stable or unstable.)
etween the two intersection points is a flooding regime where
he generated water flux exceeds the maximum cathode convec-
ive flux and liquid water accumulates at the cathode surface.
ere, the assumption of linear temperature increase with current
ensity suggests that a steady state water balance according to
q. (1) cannot be established and the cell catastrophically floods.
espite its limiting assumptions, the general behavior predicted
y this simple model is consistent with transient polarization scans
28].

Our experiments corroborate many of the trends predicted by
he simple model above. For example, for the control case without
he water collector layer, cell performance often quickly degraded
hen operated at intermediate current densities associated with
ooding conditions. We observed liquid water on the cathode
urface at current densities from 100 to 500 mA cm−2, indicating
ooded performance. Interestingly, despite the presence of liquid
ater, steady state operation was achieved at current densities

rom 300 to 500 mA cm−2 (see Fig. 3). This behavior is not predicted
y the model. As we discuss below, we believe this implies that
he assumption of linear dependence of cathode temperature on
urrent density is not valid at high current density.

Comparison of the simple model and the experimental data sug-
ests that cathode temperature may have a non-linear dependence
n current density. The experimental data for the control case (no
ick) suggests that cell operation may be stable at relatively high

urrent densities (see 500 and 600 mA cm−2 traces in Fig. 2). We
ypothesize that cell voltage stabilization in partially flooded, high
urrent density conditions is caused by a positive feedback: increas-
ng cathode surface water coverage causes increased self heating,
eading to faster surface evaporation. The cathode temperature is
pparently coupled to the cell potential: the lower the cell voltage,
hen the higher the cell temperature (at fixed current density).

The cathode temporal responses are consistent with our
ypothesis. Similarly to the cell potential response, the cathode
emperature temporal response shows two characteristic time con-
tants. During first few minutes the cathode surface temperature
ises from ambient to an intermediate value. This time constant is
ikely determined by the thermal mass of the fuel cell assembly
this brief initial transient is not shown in the plot). Then, as water
radually condenses on the cathode surface and blocks air access
o the cathode, the cell voltage gradually decreases, lowering the

uel cell efficiency, increasing the heat losses, and consequently
urther increasing the surface temperature and evaporation
ate.
show the unstable, degrading cell behavior as zero potential. We do not plot the cell
temperature for the no wick cases for which we observed no steady state working
behavior.

4.2. Impact of water collector on cathode flooding

The system with the water collector showed only small water
droplets on the cathode surface. These typically grew slightly and
eventually contacted and were pulled into the wick. The system was
stable for all current settings. The water collector hydraulically links
the entire area of the cathode, while allowing sufficient supply of
oxygen from atmospheric air. Oxygen access was achieved by pat-
terning the water collector layer with cutouts significantly larger
than the pore size of the water collector. Since the wick was a sin-
gle piece, it provides a hydraulic link between any two areas of the
water collector. Consequently, when in contact with liquid water,
the water likely first saturated the wick and filled small pore vol-
umes (which have the highest capillary pressure). For simplicity the
water collector in Fig. 1b employs a cutout pattern identical to the
openings in the cathode current collector. We performed limited
experiments with other wick shapes (not shown here), and con-
cluded that collector layers with shapes independent of the cathode
current collector pattern are also feasible.

The flux of water from the GDL surface into the water collector
is driven by two different mechanisms. Initially, when the wick
is entirely or partially dry, capillary forces drive the liquid into
the water collector. However, once the wick is fully saturated the
capillary-pressure-driven flux stops. Beyond this point liquid water
is driven out of the water collector by the pressure gradients created
by water evaporation from the collector surface and gravity.

Data demonstrating the effect of water removal from the cath-
plots for the control case and the cathode with the water collector
layer. The value of the steady state cell potential (obtained from
Figs. 3a or 4a) is plotted for each current density. In cases where
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uel cell performance degraded due to flooding without reaching a
teady state we plot values of zero potential.

Both control and wick configurations are stable at open cell volt-
ge, showing accumulation due to hydrogen crossover is negligible.
he control case (no wick) operation was not stable at intermedi-
te current densities of 100 and 200 mA cm−2 where steady state
ell voltage collapses due to flooding. The critical current den-
ity above which the fuel cell floods was apparently smaller than
00 mA cm−2. At and above 300 mA cm−2 the control case shows
stable steady state cell voltage. However, the cell potential is

educed by as much as 0.35 V (due to flooding) compared to the
ell with the water collector. As the cell current is increased, the
ifference between the steady state cell voltages with and without
he water collector decreased. Theoretically, this difference should
pproach negligible values at and above the hypothesized third crit-
cal current density above which the control cell enters the dry out
egime. Above this critical current density both cathode configura-
ions should behave similarly and eventually reach dry out.

Fig. 6b shows the steady state cathode temperatures for the con-
rol case and the cathode with the water collector layer obtained
rom Figs. 3b or 4b. We do not plot temperature values in cases
here steady state operation was not achieved. The temperature
rofile for the cell with water collector is approximately linear with
urrent density for most of the current densities. The control case
no water collector) has a higher steady state temperature (maxi-

um difference of about 6 ◦C) than the case without wick; and this
s consistent with our hypothesis that there is a positive feedback
ontrolling partial flooding.

. Conclusions

Galvanostatic measurements suggest that flooding in a control
ase, air-breathing cathode (no wick), can lead either to a catas-
rophic flooding or to a partially flooded surface accompanied by
ecreased cell potential and the associated fuel cell energy conver-
ion efficiency.
To address the severe effects of flooding, we introduced a thin
lectrically conductive water collector (a patterned wick) layer
etween the current collector and the cathode surface. The water
ollector initially absorbs and redistributes any liquid water across
he entire cathode and eventually allows the liquid to escape out-

[
[
[

urces 195 (2010) 3201–3206

side of the cathode area without obstructing the cathode oxygen
supply. Our results show that the water collector layer eliminates
the effects of cathode flooding and allows efficient cell operation
within a wide operational window, at a small cost of increased
cathode complexity.
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