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a b s t r a c t

In an alkaline fuel cell, such as a direct ethanol fuel cell (DEFC), owing to the fact that water is consumed
as a reactant at the cathode and the electro-osmotic drag (EOD) moves water from the cathode to the
anode, a conventional conception is that the cathode flooding is unlikely. In this work, however, it is
shown experimentally that cathode flooding also occurs in an alkaline DEFC, primarily because of the
fact that the diffusion flux from the anode to the cathode outweighs the total water flux due to both the
eywords:
uel cell
irect ethanol
nion-exchange membrane
ater flux

oxygen reduction reaction and EOD. More interestingly, rather than in acid electrolyte based fuel cells
where the cathode flooding occurs at a high (limiting) current, in an alkaline DEFC the cathode flooding
occurs at an intermediate current.

© 2010 Elsevier B.V. All rights reserved.
iffusion
lectro-osmotic drag

. Introduction

Direct ethanol fuel cells (DEFCs) are more appealing than direct
ethanol fuel cells (DMFCs) because ethanol is less toxic than
ethanol and can be massively produced from agricultural prod-

cts or biomass, in addition to the advantage of high specific energy.
he performance of acid-membrane (typically Nafion®) based
EFCs is extremely low, however, and this is mainly because the
lectrochemical kinetics in acid media are sluggish. With the emer-
ence of anion-exchange membranes (AEM), alkaline-membrane
ased DEFCs have recently been receiving ever-increasing atten-
ion [1–8], because the change in electrolyte from acid and alkaline
an substantially speed up the electrochemical kinetics at both the
node and the cathode, even with Pt-free catalysts.

In developing alkaline DEFCs, efforts to date have been confined
ainly to synthesis and characterization of materials, including
embranes and catalysts, and mechanistic studies of the oxygen

eduction reaction (ORR) and the ethanol oxidation reaction (EOR)
9–14]. This work is concerned with the problem of water flood-
ng in the cathode of alkaline DEFCs. In acid-membrane based fuel
ells, such as gas-hydrogen-feed proton exchange membrane fuel

ells (PEMFCs) and DMFCs, water production at the cathode result-
ng from the ORR, which increases with current, along with water
hat permeates from the anode due to electro-osmotic drag (EOD)
nd possible diffusion, will make the liquid water accumulate at
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the cathode catalyst layer (CL) and the diffusion layer (DL). This is
so-called cathode flooding, which resists the oxygen transport and
thus lowers the cell performance. In particular, for a given cath-
ode DL, flow-field and oxygen/air flow rate, cathode flooding will
become more serious at high current densities, leading to a dras-
tic drop in cell performance. Hence, tremendous effort has been
devoted to water management in acid fuel cells to avoid the cath-
ode flooding problem [15–19]. In an alkaline-membrane based fuel
cell, such as a DEFC, owing to the fact that water is consumed as a
reactant at the cathode and the EOD moves water from the cath-
ode to anode, a conventional conception is that cathode flooding is
unlikely [7,8]. In this work, however, the variation in the water flux
from the cathode CL toward the DL of an alkaline DEFC with the cur-
rent density is measured and it is found that the maximum water
flux coincides with the cathode flooding that was visually observed
through the transparent flow-field. This finding suggests that like
in acid fuel cells, the cathode flooding also occurs in alkaline DEFCs.

2. Description of water transport in alkaline fuel cell

Consider a typical liquid-feed alkaline DEFC, as illustrated in
Fig. 1, consisting sequentially of an anode flow-field, an anode DL,
an anode CL, an anion-exchange membrane, a cathode CL, a cathode
DL, and a cathode flow-field. Under discharging conditions, liquid

water in the aqueous solution that is flowing in the anode flow-field
is transported through the anode DL to the anode CL, along with
that produced from the EOR, diffuses through the membrane to the
cathode CL, where part of it reacts with oxygen to form hydroxide
ions, and the remainder is transported through the cathode DL to

dx.doi.org/10.1016/j.jpowsour.2010.06.111
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
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Fig. 1. Typical water distribution in alkaline DEFC.

he cathode flow-field. The water flux through the membrane due
o diffusion, Jdiff, can be expressed as:

diff = D
cla − clc

ım
(1)

here D stands for the water diffusivity of the membrane; cla and
lc represent the liquid water concentrations at the anode and the
athode surfaces of the membrane, respectively; ım denotes the
hickness of the membrane. Note that cla increases with the rate of
ater generation due to the EOR at the anode, JEOR, i.e.:

EOR = n
i

F
(2)

here F is Faraday’s constant; i is the current density; n denotes
he ratio of the molar number between the produced water and
he transferred electrons. Also note that cla is affected by the water
onsumption rate due to the ORR at the cathode, JORR, i.e.:

ORR = i

2F
(3)

nder typical operating conditions, cla > clc, meaning that the water
ux by diffusion is from the anode to cathode. In other words, the
ater diffused from the anode is the sole source to maintain the
RR at the cathode if the oxygen/air supply is not humidified.

In addition to the water flux by diffusion from the anode to cath-
de, water can also be transported through the membrane by the
OD, Jeo, which can be determined from:

eo = nd
i

F
(4)

here nd is the EOD coefficient of the membrane. Note that, in alka-
ine DEFCs, the hydroxide ions produced by the ORR travel through
he membrane from the cathode to anode and hence the water flux
y the EOD is in the opposite direction to that due to diffusion, i.e.,

eo is from the cathode to anode [20]. As a result, the net water flux
rom the anode to cathode (or the water-crossover flux through the

embrane) is given by:

wc = Jdiff − Jeo (5)

t follows that the water flux from the cathode CL to the flow field,
, is:
= Jwc − JORR (6)

or convenience of description, the water flux from the cathode CL
o the flow-field, J, is referred to as the cathode water flux hereafter.
he above analysis suggests that the cathode water flux, J, varies
urces 196 (2011) 133–139

with current density. It should be noted, however, that unlike in
acid fuel cells, J may not increase monotonously with current den-
sity because the direction of water diffusion is opposite to that of
the EOD.

Under steady-state operating conditions, the cathode water flux
from the cathode CL is transported through the cathode DL to the
flow-field, and eventually to the exit of the flow-field, i.e.:

J = Jremoval (7)

where Jremoval represents the water flux removed from the exit of
the flow-field. Eq. (7) indicates that J can be determined by mea-
suring Jremoval as described in the following section.

As an approximation, the steady-state cathode water flux can
be expressed as:

J = cccl − ccff

k
(8)

where k represents the overall mass-transport resistance that
depends on the cathode DL and flow-field as well as the oxygen/air
flow rate; cccl is the water concentration at the cathode CL; ccff
denotes the water concentration at the cathode flow-field. Eq. (8)
indicates that, for a given design of cathode DL and flow-field at
a fixed oxygen/air flow rate, cccl increases with the cathode water
flux J. As cccl goes too high, the cathode will be flooded. Hence,
cathode flooding occurs at high cathode water fluxes. In this work,
the cathode water flux J was measured and the flow behaviour
in the cathode flow-field was observed. With the data, a correla-
tion between the cathode water flux J and the cathode flooding
behaviour can be established.

3. Experimental

3.1. Fuel-cell setup

An in-house fabricated DEFC consisted of a membrane electrode
assembly (MEA) with an active area of 2.0 × 2.0 cm, sandwiched
between a pair of current-collectors. The MEA consisted of two
single-sided electrodes and an anion-exchange membrane (A006,
Tokuyama). The cathode electrode with non-platinum HYPERME-
CTM catalysts was provided by Acta. For the anode, the catalyst
layer was fabricated in-house by a catalyst-coated substrate (CCS)
method [5]. The catalyst ink was prepared by a method reported
elsewhere [5] and then sprayed on a nickel foam plate (Hohsen
Corp., Japan). The anode catalyst loading was about 2.0 mg cm−2

using synthesized PdNi/C [10]. The content of PTFE as a binder in
the anode catalyst layer was maintained at about 5 wt.%. Finally,
the MEA was formed by sandwiching the membrane between two
electrodes that were attached with cell fixtures.

For convenience of temperature control with a heater, both the
anode and cathode fixture plates were stainless-steel blocks. A sin-
gle serpentine flow-field, having 1.0 mm rib width, 1.0 mm channel
width, and 0.5 mm channel depth, was machined on one side of
each fixture plate. In addition, to visualize two-phase transport
behaviour in the cathode flow-field, a fixture made of transparent
poly methyl methacrylate (PMMA) covered the current-collector
plate.

3.2. Measurement instrumentation and test conditions

Experiments were performed with the test rig detailed else-

where [18,21]. Tests of constant-current discharging behaviour of
the DEFC were controlled and measured by an electric load system
(Arbin BT2000, Arbin Instrument Inc.). At the cathode, air or 99.5%
oxygen at ambient pressure with a flow rate from 10 to 200 stan-
dard cubic centimeters per minute (sccm) was supplied without
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Fig. 2. Variation in cathode water flux with current density at 60 ◦C.

umidification. The flow rate of the gas was regulated and mea-
ured by a mass flow controller (Omega FMA-765A and FMA-767A),
long with a multiple-channel indicator (Omega FMA-78P4). At the
node, the aqueous solution, containing ethanol and KOH, was fed
y a peristaltic pump at a flow rate of 1.0 ml min−1. In addition,
efore entering the fuel cells, the aqueous solution was preheated
y electrical heating rods that were installed in the anode fixture
late. The cell operating temperature was measured with a ther-
ocouple installed in the anode fixture plate.

.3. Determination of cathode water flux

A water trap filled with anhydrous CaSO4 (Dryerite®) was con-
ected to the exit of the cathode flow-field to collect the water
emoved from the cell [18,22]. The cathode water flux was then
etermined by weighing the water collected in the trap over a spec-

fied time (ranging from 1.0 to 3 h) at a given current density. Thirty
inutes were usually needed to achieve the steady-state condition

t every water-collecting current density. The back pressures of
oth the anode and cathode electrodes were kept at atmosphere
ressure to eliminate the influence of back pressures on water
ransport.

. Results and discussion

.1. General behaviour

Since the AEM employed in this work allows KOH to be trans-
orted from the anode to the cathode, KOH will be included in the
ater collected at the cathode exit. Therefore, prior to investigating

he cathode water flux from the cathode CL to the flow-field under
ypical operating conditions (typically the required KOH concen-
ration ≥1.0 M), the cathode water flux was first measured with an
xtremely low KOH concentration of 0.01 M to minimize the KOH
rossover effect. The variation in the cathode water flux with cur-
ent density is presented in Fig. 2. The cathode water flux increases
ith increasing current density. It is also noticed that the maxi-
um current density in the x-axis is as low as 5 mA cm−2, mainly

ecause the electrochemical kinetics of the EOR in the low pH
edium as a result of low KOH concentration are too sluggish,
nd result in an extremely low voltage when the current density
s higher than 5 mA cm−2. Nevertheless, Fig. 2 reflects the cathode

ater flux at low current density with a minimal effect of KOH
rossover. The increase in cathode water flux with current density
an be attributed to the increased water generation rate due to the
Fig. 3. Variation in cathode water flux with current density at 60 ◦C.

EOR. A higher rate of water generation results in a higher water con-
centration at the anode CL, thereby increasing the water crossover
through the membrane by diffusion. Therefore, the cathode water
flux increases with current density. It should be pointed out, how-
ever, that under typical operating conditions with normally high
KOH concentrations, the effect of KOH crossover will become sig-
nificant. Moreover, as the water generation rate at the anode is
low at low current densities, the impact of KOH crossover on the
measured cathode water flux is the most serious at low current
densities, but the effect will become weaker with an increase in
current density.

Fig. 3 shows the variation in the cathode water flux with current
density under typical operating conditions with the anode solu-
tion consisting of 3.0 M ethanol and 5.0 M KOH [21]. Unlike the
cathode water fluxes with low KOH concentration as presented in
Fig. 2,the data in Fig. 3 shows that there are two peaks in the cath-
ode water flux-current density curve: the first peak occurs at zero
current or at the open-circuit condition (OCC) with a water flux of
2.9 �mol cm−2 s−1, while the second peak occurs at 200 mA cm−2

with a water flux of 3.0 �mol cm−2 s−1. As mentioned earlier, since
the rate of KOH crossover at the OCC is the highest, the first peak
is actually caused by KOH crossover, rather than water crossover.
Since the water generation rate due to EOR increases with current
density, the water concentration at the anode CL increases accord-
ingly, thereby lowering the KOH concentration at the anode CL and
hence the rate of KOH crossover. In the meantime, the increased
water concentration in the anode CL with increase in current den-
sity tends to enhance the cathode water flux. As a result, the effect of
KOH crossover on the real cathode water flux becomes weaker with
increasing current density. As projected, the real cathode water flux
with the effect of KOH crossover eliminated should be the dashed
curve shown in Fig. 3, which is lower than the measured data and
increases with current density in the low current density region
(<200 mA cm−2). On the other hand, the water flux by the EOD,
which is opposite to the water flux by diffusion, increases with cur-
rent density. As a result, the combined effect of water flux to the
cathode by diffusion and that to the anode by the EOD results in the
second peak in Fig. 3. Hence this peak represents the highest cath-
ode water flux, which occurs at a current density of 200 mA cm−2

under the particular test conditions used in this work. As indicated

by Eq. (8), a high cathode water flux, J, means a high water concen-
tration at the cathode CL, cccl. Since cathode flooding means that the
water concentration at the cathode CL, cccl, is too high, the chance
of cathode flooding is the highest at the higher cathode water
flux.
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As indicated by Eq. (6), the cathode water fluxes shown in
Figs. 3 and 5 are the combined effects of the water fluxes by diffu-
sion, EOD, EOR and ORR. The variation of the different water fluxes
ig. 4. Images of liquid water flow behaviour at different current densities at 60 ◦C
ischarge current density: (a) 0 mA cm−2, (b) 100 mA cm−2, (c) 200 mA cm−2 and (d

To establish the correlation between the cathode water flux and
athode flooding, the water flow behaviour in the cathode flow-
eld was also observed. Fig. 4 shows images of the flow behaviour
t different current densities, which were taken under the same
perating conditions at that for measuring the cathode water flux
hown in Fig. 3. The image in Fig. 4a shows that at the OCC a small
mount of liquid water appears in the cathode flow-field. As the
urrent density increases (see Fig. 4b), the amount of liquid water
tarts to increase in the cathode flow-field and the largest amount
f liquid water is observed at 200 mA cm−2 (see Fig. 4c). When the
urrent density is further increased to 300 mA cm−2 (see Fig. 4d),
owever the amount of liquid water in the flow-field becomes
maller. Apparently, the most flooded scenario shown in Fig. 4c is
aused by the highest cathode water flux at 200 mA cm−2. In sum-
ary, the visual study and the measured cathode water flux show

hat cathode flooding also occurs in an alkaline DEFC, but unlike in
onventional PEMFCs and DMFCs, where cathode flooding occurs
t the highest current density, in an alkaline DEFC, cathode flood-
ng occurs at an intermediate current density, corresponding to the
econd peak of the cathode water flux in Fig. 3.

The cathode water flux was also measured at a lower operat-
ng temperature (40 ◦C) with a more concentrated ethanol solution
5.0 M) while other conditions were kept the same as those for the
ata shown in Fig. 3. The results are shown in Fig. 5. It can be seen
hat the variation in the cathode water flux with the current density

xhibits a trend similar to that at 60 ◦C shown in Fig. 3. The highest
athode water flux occurs at a current density of 200 mA cm−2. The
isually experimental results shown in Fig. 6 also reveal that the
ighest cathode water flux and the largest amount of liquid water

n the cathode flow-field (see Fig. 6b) appear at the same current
e: 3.0 M EtOH with 5.0 M KOH, 1.0 mL min−1. Cathode oxygen flow rate: 100 sccm.
mA cm−2.

density (200 mA cm−2). This fact further confirms the correlation
between the cathode water flux and cathode water flooding.

4.2. Relationships between cathode water flux and water fluxes
by diffusion, EOD, EOR and ORR
Fig. 5. Variation in cathode water flux with current density at 40 ◦C.
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ig. 6. Images of liquid water flow behaviour at different current densities at 40 ◦C
ischarge current density: (a) 0 mA cm−2, (b) 100 mA cm−2, (c) 200 mA cm−2 and (d

ith current density can be examined by referring to Fig. 7. First,
t can be seen that the water flux by EOD, Jeo, which is determined
rom Eq. (4) with nd = 3.6 [22], increases linearly with increasing
urrent density, but the direction of the EOD in the alkaline DEFC
s from the cathode to anode, i.e., opposite to that in acid DMFCs

18]. The water flux by the ORR, determined from Eq. (3), is also
een to increase with current density, but the magnitude is much
maller than that of the EOD. The water flux by the diffusion, Jdiff,
etermined by combining Eqs. (5) and (6) with the measured cath-

Fig. 7. Variation in water fluxes with current density at 40 ◦C.
e: 5.0 M EtOH with 5.0 M KOH, 1.0 mL min−1. Cathode oxygen flow rate: 100 sccm.
mA cm−2.

ode water flux, is seen to increase rapidly with increasing current
density: the diffusion flux was 3.0 �mol cm−2 s−1 at 50 mA cm−2

and increased to 12.0 �mol cm−2 s−1 at 250 mA cm−2. The reason
for the rapid increase in the diffusion flux is that the water concen-
tration at the anode CL increases with current density as a result of

the increased water production by the EOR at the anode CL. Addi-
tionally, the water flux by the EOD from the cathode to anode also
causes the water concentration in the anode CL to increase, thus
further enhancing the water diffusion flux. As a result, the trade-

Fig. 8. Transient cell voltage at different oxygen flow rates at 60 ◦C.
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Fig. 9. Images of liquid water flow behaviour at different oxygen flow rates at 60 ◦C. Discha
Cathode oxygen flow rate: (a) 10 sccm and (b) 100 sccm.
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Fig. 10. Transient cell voltages at different air flow rates at 60 ◦C.

ff between the water fluxes due to diffusion, EOD, EOR and ORR
esults in the cathode water flux first increasing and then decreas-

ng with current density. This trend suggests that the cathode water
ux is first dominated by water diffusion at low current densities
left region shown in Figs. 3 and 5) and then by EOD at high current
ensities (right region shown in Figs. 3 and 5), to form a cathode
ater flux peak at an intermediate current density. As indicated

ig. 11. Images of liquid water flow behaviour at different air flow rates at 60 ◦C. Dischar
athode air flow rate: (a) 20 sccm and (b) 200 sccm.
rge current density: 50 mA cm−2, anode: 3.0 M EtOH with 5.0 M KOH, 1.0 mL min−1.

by Eq. (8), a higher cathode water flux means a higher water con-
centration at the cathode CL, that leads to more serious cathode
flooding. Hence, in an alkaline DEFC operating under typical con-
ditions, cathode flooding is more likely to occur at an intermediate
current density that corresponds to a high cathode water flux.

4.3. Effect of water flooding on cell performance

The transient cell voltage with the oxygen flow rate varying
from 10 to 100 sccm is presented in Fig. 8. The low oxygen flow
rate (10 sccm) the cell voltage undergoes significant fluctuations,
because the cathode flooding is more serious at low oxygen flow
rates (see Fig. 9a, where liquid water almost covers the entire flow-
field) and the periodic removal of liquid water from the flow-field
causes the voltage to vary periodically. When the oxygen flow
rate is increased to 100 sccm, however, the transient cell voltage
becomes much more stable, as shown in Fig. 8. The reason why the
voltage becomes stable at a higher oxygen flow rate is that the high
oxygen flow rate facilitates the removal of excessive water. Conse-
quently, the cathode flooding becomes less serious, as evidenced
from Fig. 9b, where the liquid water only appears near the exit of
the flow-field.

Experiments were also performed with air as the oxidant. The

results are shown in Fig. 10. In the initial stage the higher air flow
rate (200 sccm) results in a stable cell voltage. When the air flow
rate is dropped to 20 sccm, however, the cell voltage experiences
a sudden drop and significant fluctuations. As can be seen from
Fig. 11a, the cathode flooding is rather serious at this low air flow

ge current density: 50 mA cm−2, Anode: 3.0 M EtOH with 5.0 M KOH, 1.0 mL min−1.
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ate. When the rate is increased back to 200 sccm, the water flood-
ng shown in Fig. 11b became less serious and correspondingly, the
ell voltage rises to the stable value, as shown in Fig. 10.

. Concluding remarks

In an alkaline fuel cell, such as a DEFC, owing to the fact that
ater is consumed as a reactant at the cathode and the EOD moves
ater from the cathode to anode, a conventional conception is that

he cathode flooding is unlikely. In this work, however, an inves-
igation of the variation in cathode water flux from the cathode
L toward the DL with current density demonstrates that cath-
de flooding also occurs in an alkaline DEFC. Salient findings and
onclusions are summarized as follows:

1) At low current densities, the cathode water flux increases with
the current density, as the forward water flux by diffusion out-
weighs the sum of the backward water fluxes by the EOD and
ORR. When the current density became sufficiently high, how-
ever, the increased backward water fluxes by the EOD and ORR
causes the cathode water flux to decrease with current density.
As a result, there existed a peak cathode water flux that occurs
at an intermediate current density.

2) Visual observations of the flow behaviour in the cathode flow
field reveals that cathode flooding coincides with the peak cath-

ode water flux.

3) It is shown that when the oxygen/air flow rate became suf-
ficiently small, cathode flooding becomes more serious, and
causes the cell voltage to decrease and discharging to become
unstable.

[
[
[

[
[
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