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Abstract

The water transport in proton-exchange-membrane fuel cells has been experimentally investigated by measurements of the effective or
net drag coefficient. Results are presented for a wide range of operating conditions (current density, temperature, pressure, stoichiometry
and humidity of the inlet gases), as well as for different types of membrane-electrode-assemblies. It was found that the humidity and the
stoichiometry of the inlet gases had a large effect on the drag. Of the material properties investigated, the membrane thickness was found to
be the most significant parameter. Inspection of the cell performances showed that drying of the cathode was much more detrimental for the
cell performance than drying of the anode. This was ascribed to increased activation losses, which turned out to be extremely sensitive to
the type of cathode used. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

The proton-exchange-membrane fuel cell (PEMFC) is
considered to be an attractive power source for automotive
applications as well as stationary co-generation units. With a
PEMFC, high power densities can be obtained at relatively
low temperatures. In addition to a high efficiency, environ-
mental benefits are the reduction of noise and the absence of
polluting emissions. However, cost and weight of the total
system have to be reduced in order to make large-scale appli-
cation possible. Cost effectiveness can be obtained by using
alternative materials, i.e. less noble metal catalysts, cheaper
materials for the electrodes, cheaper and thinner mem-
branes, and also by reducing the need for peripheral equip-
ment, such as a gas humidification section and compressors.
The latter aspects will also reduce the weight of the system.

Of course, the advantages of cheaper materials and sim-
pler systems must not outweigh the disadvantages of any
reduction of the power density. One of the factors that are
crucial for a high power density, is the water transport in the
membrane-electrode-assembly (MEA). The power density
can be adversely affected by too little water, i.e. drying-out,
as well as by too much, i.e. flooding. The water transport in a
PEMFC has been the subject of several studies, most of
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which were concerned with modelling the water transport in
the membrane [1-5]. Experimentally not many data are
available. Staiti et al. [6] showed a distinct relation between
the water transport and the amount of hydrophobic agent in
the electrodes. A paper by Buechi and Srinivasan [7] deals
with the water transport in cells operated on dry gases.
Recently, measurements of the effective drag coefficient
were reported by Choi et al. [8], but their results seem to
have been obtained in a non-stationary state.

The aim of the present work was to identify the main
factors that determine the water transport in a PEMFC.
Therefore, the effective or net drag coefficient in PEMFCs
was measured for a wide range of conditions, involving gas
humidification, temperature, pressure, current density and
stoichiometry. In addition, the components of the MEA were
varied. The results can be used for the selection of materials
and operating conditions, but they will also be used as a basis
for modelling, which will be the subject of a subsequent

paper [9].

2. The water transport in a PEMFC

In a PEMFC hydrogen and oxygen react electrochemi-
cally to water, producing electricity and heat. A PEMFC
consists of a MEA placed between two so-called flow plates
in which gas channels have been machined. The MEA
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Nomenclature

A active area (cm?)

F Faraday constant (96,485 C/mol)

Jj current density (A/cm?)

n molar flow (mol/s)

N molar flux (mol/s cm?)

p total pressure (bar)

Psat saturation pressure (bar)

Td,ov effective or net drag

Teen cell temperature (°C)

Thum humidification temperature of the gases (°C)
X1 fraction of gas species I in the dry flow
A stoichiometry

Subscripts

w_an water at the anode

w_back water transported back from cathode to anode
w_cat  water the cathode

w_el,os water transported by electro-osmosis

w_mem water in membrane

w_prod water produced

consists of two electrodes separated by a proton conducting
membrane, usually a Nafion membrane. A schematic draw-
ing is given in Fig. 1. At the anode side hydrogen is fed to the
cell, which is electrochemically oxidised at the membrane/
anode interface.

H2 — 2H+ + 2e

The protons are transported through the membrane and at
the membrane/cathode interface oxygen present in the air
feed is reduced.

10, +2e + 2H" — H,0

(+H;0)
/ \
cathode
anode gas  emprane
channel

cathode gas
channel

The proton conductivity of Nafion, and therefore, the
performance of the fuel cell, decreases rapidly when
the water content of the membrane decreases [10]. Since
the membrane easily looses water to non-saturated gases,
it is essential that sufficient water is present in the gases as
well as in the membrane. Water in the PEMFC can originate
from three sources.

1. Humidification of the fuel inlet gas.
2. Humidification of the oxidant (air) inlet gas.
3. The electrochemical reaction in the cell.

The amount of water that is fed to the cell by humidi-
fication of the inlet anode, respectively, cathode gas is
equal to

in . psat(Thum) in

w_an/w_cat — mnHz/air e))
with

i jA i ;Lair JA
My, = Ao and o =S (2)

This means that the amount is proportional to the current
density and the stoichiometry, increases with the humidifi-
cation temperature and decreases with the gas pressure.

As a result of the electrochemical reactions in the cell an
amount of water per time unit is produced proportional to the
current density.

JA
Ny _prod = ﬁ 3)

In a stationary state, the amount of water fed and produced

per time unit is equal to the amount leaving the cell.

out out __ _in in
Ny an + Ny cat = Mw_an + Ny _cat + Nw _prod (4)

water
production

Fig. 1. Schematic representation of the water transport in a PEMFC. The direction of the water transport in anode or cathode may be reversed, depending

upon the conditions.
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In a PEMFC water is transported along the gas channels,
but also in the direction perpendicular to the gas channels,
i.e. through the membrane and the electrodes. In Fig. 1 the
water transport in the PEMFC is schematically represented.
When a current is drawn from the cell, protons migrate
from the anode to the cathode and carry with them water
molecules. The average number of water molecules trans-
ported per proton is called the electro-osmotic drag coeffi-
cient. In Nafion membranes, the value of this coefficient is
between 1 (gas vapour equilibrated membranes) and 2.5
(liquid water equilibrated membranes) [11-13]. The electro-
osmotic drag, together with the electrochemical production
of water, results in an accumulation of water at the cathode/
membrane interface. In a stationary state, the water is
removed through either the cathode to the cathode gas
channel or through the membrane and anode to the anode
gas channel. The flux towards the anode compensates, at
least in part, the electro-osmotic drag and is called the back
transport. In the direction perpendicular to the membrane the
following relations hold (all signs positive in the direction
anode to cathode).

Ny_an = Ny _mem )
Nw_mem + Nw_el,os + Nw_back (6)
Ny _mem + Nw_pmd = Ny_cat @)

The ratio of the fluxes Ny, ¢, and Ny, ,, is determined by
the driving forces for both ways of water transport, i.e. the
gradients in the chemical potential of water, and by the
permeability of the materials. The gradients in the chemical
potential of water are determined by the thickness of the
components, by the water content of the membrane and
the humidity of the gases. The latter in turn is dependent on
the gas inlet humidification and on the temperature and
pressure in the gas channel.

The back transport of water through the membrane results
in a net drag of water through the membrane that is smaller
than the electro-osmotic drag and can even be negative. The
net drag coefficient in a cell is defined by

Foor = 2 = Mo ®)

' JA/F

This means the net amount of water transported from the
anode to the cathode per proton. This overall net drag can
be measured by condensing and collecting the water from
the anode outlet and will be used in the following to
characterise the water transport in the cell.

In order to avoid dehydration, PEM cells and stacks are
often operated with saturated inlet gases. This means that
the cell contains excess water: product water is formed and
the gases become supersaturated when gas is consumed in
the chemical reaction. The amount of water contained by
an exactly saturated anode outlet gas is

A T
nautan _ (;“H') . 1) JA psat( cell)
N } 2Fp _Psal(Tcell)

€))

and
n = (L B 1) s L (10)
B X0, 4F p _Psat(Tcell)

In practice this means that, when gases saturated at cell
temperature (Tpym = Teen) enter the cell, a limited positive
drag does not necessarily result in dehydration of the anode
gas, whereas a substantial negative overall drag is possible
before the cathode gas shows dehydration. The maximum
drag before anode dehydration occurs is at these conditions
given by

1 psat(Tcell)

Fmax = 53— (1)
¢ 2p _Psal(Tcell)

and the minimum drag before cathode hydration occurs

Fanin = _% psat(Tcell) _l (12)
p— psal(Tcell) 2
Work by Buechi [7] among others has shown that under
certain conditions operation with dry gases is possible. The
criterion given in [7] for operation with dry gases is that
the amount of product water should be sufficient to saturate
the outlet gases, i.e.

1 R Aaiir I\ 1 psat(Tcell)
2> gy =1 2 2 2 Pale) (13)
2 < H 2)C02 2> 2p - psat(Tcell)

Fig. 2 gives the ‘critical’ gas stoichiometry for cell
temperatures 80 and 60°C, and pressure 1.5 and 3 bar.
However, satisfaction of the above equation does not guar-
antee that local dehydration will not occur.

3. Experimental
MEAs of 50 cm?® were used for these experiments. A

relatively large active area is needed to obtain significant
amounts of water at the gas channel exits. The MEAs were

10
[ —=—1.5 bar 600C
8 [ —+—1.5 bar 800C
[ -0 -3 bar 600C
= [ A
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= 0.l
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Fig. 2. The maximum air stoichiometry that for a given hydrogen
stoichiometry still fulfils Eq. (13), i.e. each point corresponds to a
combination of stoichiometries for which the amount of product water is
just sufficient to saturate the outlet gas.
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mounted between two graphite flow plates in each of which
three serpentine channels had been machined with an
approximate length of 0.9 m and a diameter of 1 mm.
The MEA was put between two gaskets to prevent gas
leaking out of the electrodes. The gaskets were chosen such
that they provided optimal gas tightness.

For the gases, a counter-flow configuration was used. The
pressures in the gas channels were controlled by a back-
pressure regulator. The feed stream (hydrogen at the anode,
air at the cathode) was either dry or humidified. In the latter
case the gases were led through a water bath at cell tem-
perature. The cells were operated for several hours (>6 h)
in a constant current mode by applying an electronic load.
The constant current mode enables an exact calculation of
the water production (Eq. (3)) and the amount of water fed
to the cell (Eq. (1)). At the exit of the gas channels the water
was condensed in a cold trap and weighed. Although for
calculation of the over-all drag, only the amount of water
collected at the anode is necessary (see Eq. (8)), the amount
of water leaving the cathode was also used to check the water
balance from Eq. (4).

A list of all types of MEAs investigated is given in Table 1.
In selecting the components of the MEA, a preference was
given to commercially available components that are com-
monly used in our laboratory. This means that the results are
of good practical use, but it can make comparisons of
different materials less straightforward.

The membranes Nafion® 105 or Nafion 112 from Dupont
were cleaned in two steps: (1) for 1 h in 3% H,0, at 100°C
and (2) for 1 hin 1 M H,SO, at 80°C. Before and after each
step they were washed in an ultrasonic bath with purified
water for 10 min.

Three types of electrodes were used.

1. The standard commercial E-TEK electrodes, with
0.35mg Pt/cm®. These will be referred to as the
double-sided (E-TEK DS) electrodes, since they con-
sisted of a carbon cloth with a thin hydrophobic
microporous layer applied on both sides.

2. An electrode from E-TEK similar to the one above but
with only a single thin hydrophobic microporous layer,
i.e. the one supporting the catalyst (0.35 mg Pt/cm?).
This will be called the E-TEK single-sided (SS)
electrode.

3. An electrode consisting of a sheet of wet-proofed TGP-
H-090 (260 pm) from Toray. On the Toray paper, an ink

Table 1

The composition of the MEAs investigated in this study

Denomination ~ Anode Membrane Cathode

Base E-TEK DS Nafion 105 E-TEK DS
Nafion 112 E-TEK DS Nafion 112 E-TEK DS
Toray/Toray Toray + ECN ink  Nafion 105 Toray + ECN ink
E-TEK/Toray = E-TEK DS Nafion 105 Toray + ECN ink
Toray/E-TEK  Toray + ECN ink  Nafion 105 E-TEK DS
E-TEK SS E-TEK SS Nafion 105 E-TEK SS

containing 40% Pt on Vulcan from E-TEK and
Nafion solution was applied, resulting in a Pt loading
of 0.5 mg/cm®.

The catalyst layers of the electrodes were impregnated
with a 5% Nafion 1100 solution from Dupont, to an amount
of 1 mg/cm?. The electrodes were hot-pressed on the mem-
brane at 135°C for 90 s with a pressure of 40 bar.

4. Results and discussion

Below the results of the water transport measurements
are presented and discussed. Most of the data were obtained
at a cell temperature of 60°C. First of all the water transport
in the so-called base case will be treated, i.e. a MEA
consisting of two E-TEK DS electrodes and a Nafion 105
membrane (Table 1). This water transport will then be
correlated to the cell performance. Next the effects of an
alternative membrane and of alternative electrodes are
considered. Finally, base case results obtained at a cell
temperature of 80°C are presented to discuss the effect of
the operating temperature. In all cases the amount of water
collected at the cathode exit and anode exit was compared to
the theoretical amount given by Eq. (4). Typical deviations
were in the order of 4-7%.

4.1. Base cell water transport

Fig. 3 shows the net drag measured with the base
case MEA. In all cases an air stoichiometry of 2 was used.
The humidification of the inlet gases, the current density, the
hydrogen stoichiometry and the pressure in the gas channels
were varied. Fig. 3 shows a distinct relation between the
humidification of the inlet gases and the measured drag.

0.2

0.1
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o Pis: TR
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[ -——=
2 o X - - - -
& o X j=0.4, St_H2=1.5, pa=1.5, pc=1.5
§:> -0.1 —0—j=0.6, St_H2=1.5, pa=1.5, pc=1.5
[ . o j=0.4, St_H2=4.0, pa=1.5, pc=1.5
02 N : 4 X- +j=0.6, St_H2=4.0, pa=1.5, pc=1.5
X A j=0.6, St_H2=4.0, pa=1.5, pc=3.0
O j=0.6, St_H2=4.0, pa=3.0, pc=1.5
0.3
Ad, Cd Ad, Cw Aw, Cd Aw, Cw
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Fig. 3. The effective drag measured at 60°C with a standard MEA. Results
are given for j = 0.4 and 0.6 A/cm?, hydrogen stoichiometry 1.5 and 4 bar,
anode pressure 1.5 and 3 bar, cathode pressure 1.5 and 3 bar. The air
stoichiometry was 2 in all measurements. The humidification refers to the
condition of the anode (A) and cathode (C) inlet gases: ‘d’ indicates that
dry gas was used; ‘w’ refers to saturated gas. The lines are only drawn to
guide the eye: here they are used to emphasise the role of the hydrogen
stoichiometry.
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The value for the net drag obtained with fully humidified
gases (Fig. 3 (A, Cy)) was much smaller than the values of
1-2.5 reported for the electro-osmotic drag [11-13] of
Nafion membranes with an equivalent weight of 1100.
For Nafion membranes with an equivalent weight of
1000, the electro-osmotic drag is certainly not expected
to be smaller, since the water content of a Nafion membrane
increases with decreasing equivalent weight [14,15] and the
electro-osmotic drag increases with the water content [13].
The low values mean that almost all water dragged to the
cathode was transported back to the anode. The product
water was transported through the cathode to the oxidant
flow. The net drag was insufficient to lead to drying out of
the anode; the anode gas left the cell fully saturated. Fig. 3
also shows that with these humidification conditions the drag
was insensitive to changes in operating conditions such as
current density, pressure differences across the MEA, and
hydrogen stoichiometry. In the literature [2], it has been
suggested that the back transport is determined by Darcy
flow, i.e. by a pressure difference between anode and
cathode, and therefore is largely independent on the current
density. The results here show the opposite tendencies: the
differential pressure has no effect and the back transport
scales with the current density. The effect of increasing the
air stoichiometry was not measured at this temperature.

When the cathode inlet was dry (Fig. 3 (A, Cy)), slightly
more water was transported from the anode to the cathode.
When dry cathode gas entered the cell, it was first of all
humidified by product water. In the region of the cathode
inlet additional water was drawn from the anode. Note that
in the counter-flow configuration used in these experiments,
the cathode inlet region is opposite to the anode outlet region
(Fig. 1). As a result the relative humidity of the gas at the
anode, exit was reduced to 93% when a hydrogen stoichio-
metry of 4 was used, and even to 61% in the case of
Ay, = 1.5. Changes in the current density did not affect
the measured drag, which means that also with dry inlet air
the average water flux through the cathode and anode scaled
with the current density. A small reduction of the drag was
found when a pressure difference was applied, regardless of
the sign of the difference. A higher pressure at the cathode
would result in a more rapid saturation, so in this case a
decrease was expected. An increase of the anode pressure
means that there is less water present at the anode and the
drying out of the anode will sooner occur and slow down the
transport to the membrane. A low hydrogen stoichiometry
should have a similar effect, but this was not observed.
However, in both cases the amount of water found at the
anode was small and the net drag had large relative error. The
effect of the air stoichiometry was not investigated, as at
higher stoichiometry, the performance became unstable.

Negative values for the drag were obtained when dry
anode gas (Fig. 3 (A4, Cy)) was fed to the cell. This means
product water was drawn to the anode. The most negative
values were obtained in the case of large hydrogen stoichio-
metry and a low anode pressure when the anode could absorb

more water before becoming saturated. The drag was suffi-
cient for a saturated or nearly saturated anode outlet gas. It is
well possible that near the anode inlet additional water was
drawn from the cathode flow, but due to the large amount of
water present at the cathode outlet this does not result in
dehydration. As in the previous cases, the influence on the
drag of the current density was small, and increase of the
cathode pressure led to a small reduction.

When both gases entered the cell dry (Fig. 3 (Ag, Cy)), a
small increase in the drag was found compared to the case,
where only the hydrogen was dry. Fig. 2 shows that for
n, = 1.5, the amount of product water would be sufficient
to saturate both the anode and the cathode. In this experi-
ment, however, the relative humidity at the anode exit was
31% and 143% at the cathode exit. In the case of 1y, = 4, the
amount of water produced was not sufficient to saturate all
gases. Here, however, the relative humidity at the anode and
cathode exits was 73 and 105%, respectively. This demon-
strates that a large, dry fuel flow can be more effective in
absorbing water, that is redundant near the cathode outlet,
and therefore can establish a more even distribution of the
humidity in the cell. Note that in this respect, there is an
optimum for the hydrogen stoichiometry, a too high hydro-
gen stoichiometry would lead to dehydration of the cathode.

4.2. Base cell performance

Table 2 contains the measured cell voltages at the four
inlet humidification conditions. The results for j = 0.4 A/
cm? and Jy, = 1.5 show that the cell performance was 40—
60 mV lower when saturated cathode gas was replaced by
dry cathode gas. A remarkable result was, that with Ay, = 4,
the performance with dry air/saturated fuel became compar-
able to the performance with saturated gases. The cause of
this improvement is the higher humidity observed at the
anode outlet in the case of Ay, = 4. As will be shown in [9]
by modelling studies, the water activity in the membrane is
usually lowest at the anode side, since the electro-osmotic
drag and the water production both produce a positive

Table 2
The cell voltage (mV) of the base case MEA?® at 60°C, measured with
different inlet humidification conditions™®

J (Alem?) At Aw, Cy Aw, Cq Ag Cy Aq, Cy
0.4 1.5 630 565 617 568
0.4 4 647 647 642 600
0.6 1.5 545 500 513 488
0.6 4 573 579 577 500

#In fact two equivalent MEAs were used: one for the measurements
with Ay, = 1.5 and one for the measurements with /g, = 4. This explains
the difference found between the performances with saturated gases in
both channels (A, C).

P A,: fuel inlet gas humidified; Aq: fuel inlet gas dry; C,: air inlet
saturated; Cgy: air inlet dry.

¢ The air stoichiometry was 2 in all cases and the gas pressure 1.5 bar
in both channels.
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contribution to the gradient of the water activity in the
direction from anode to cathode. Hence, a high humidity
at the anode can help to prevent drying out of the membrane,
in spite of the presence of dry gas at cathode. This mechan-
ism is most efficient when a saturated fuel flow is used. In
that case the higher the fuel flow the more water can be
transported to the cathode without dehydrating the anode.
When dry fuel is used with a low stoichiometry, it will
become rapidly saturated but also dehydrate quickly. Dry
fuel with a high stoichiometry will not take up sufficient
water. This is in agreement with the values of the humidity of
the outlet fuel reported in Section 4.1.

Contrary to what was found when dry air was fed to the
cell, operation on dry anode gas only led to small decreases
of the performance, also at high hydrogen stoichiometry.
Since, as explained above, the anode side of the membrane
contains less water than the cathode side, it was expected
that the membrane would sooner dry out with dry fuel than
with dry air. An explanation for the observation that the cell
performance suffers more from operation with dry air, may
be found in the fact that most activation losses are at the
cathode. One of the sources of the activation loss is the slow
proton transport through the catalyst layer [16]. Drying out
of the catalyst layer will aggravate this loss. In a well-
humidified cell activation losses are in the order of 200 mV,
e.g. [16]. If we assume that the membrane conductivity in
the fully humidified state is in the order of 0.1 s/cm [15] and
the membrane thickness is 125 pm, then at 0.4 A/cmz, the
nominal loss due to the membrane resistance is S0 mV. A
small fractional increase of the activation energy is therefore
more serious than a similar fractional increase of the mem-
brane resistance.

Table 2 also contains results for j = 0.6 A/cm”. Here,
similar effects were observed with respect to the humidifi-
cation and the hydrogen stoichiometry. Note that the voltage
loss found when saturated air was replaced by dry air was
smaller than for j = 0.4 A/lem”. At a higher current density
more water will accumulate at the cathode/membrane inter-
face, leading to a locally higher water content and probably
smaller activation losses. The effective drag was not sensi-
tive to the current density (Fig. 3), so the fluxes through
membrane and cathode scale equally.

4.3. Nafion 112 membrane

A Nafion 112 membrane is much thinner than a Nafion
105 membrane. The membrane thickness will have a pro-
found effect on the back transport, since with a thinner
membrane similar boundary conditions result in larger
gradients across the membrane. However, Nafion 1100
has a higher equivalent weight, and as referred to previously,
a lower water content. It must be expected that the electro-
osmotic drag is slightly smaller in Nafion 112 than in Nafion
105, but this will at least in part be compensated by a smaller
value for the permeability, which is likely to decrease with
decreasing water content. Therefore, it was expected that in
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Fig. 4. The effective drag measured at 60°C with a MEA with a Nafion
112 membrane and standard E-TEK electrodes. Results are given for
Jj = 0.4, hydrogen stoichiometry 1.5 and 4 bar, gas pressures 1.5 bar. The
air stoichiometry was 2 in all measurements. The humidification of the
inlet gases was varied (see Fig. 3).

general the net drag would decrease. This is confirmed by
the data displayed in Fig. 4. Compared to the corresponding
cases measured with a Nafion 105 membrane, the effective
drag was about 0.02-0.04 lower in the cases with dry
cathode gas, and about 0.15 lower in the cases with wet
cathode gas. In the latter cases, the outlet anode gas was
extremely wet, i.e. equivalent to a relative humidity >300%.
Increase of the hydrogen stoichiometry had a similar effect
as for the thicker membrane, i.e. a lower drag when the
anode gas was dry.

In Table 3, the performances measured with this cell are
listed. Comparison with Table 2 shows that the Nafion 112
cell had a higher performance and was less sensitive to
humidification of the inlet gas. For dry cathode/wet anode or
dry gases the faster humidification from the anode side
resulted in an additional improvement. The favourable effect
of a higher hydrogen stoichiometry that was observed for the
base cell was not so distinctly present here. On the contrary,
a reduction the cell voltage was observed in the case of dry
anode/saturated cathode gas. In this case a very negative
drag was observed, which may have resulted in a local
dehydration of the cathode electrode.

4.4. Alternative electrodes

The use of alternative electrodes (Toray, E-TEK SS) had
only a minor effect on the water transport. In general a slight

Table 3
The cell voltage (mV) of the ‘Nafion 112-MEA’ at 60°C, measured with
different inlet humidification conditions™®

j (Alem?) A, A, Cy, A, Cq A4 Cy Ag, Cy
0.4 1.5 668 669 672 641
0.4 4 674 674 656 656

* A, fuel inlet gas humidified; Ag: fuel inlet gas dry; C,: air inlet
saturated; Cgy: air inlet dry.

" The air stoichiometry was 2 in all cases and the gas pressure 1.5 bar
in both channels.
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Fig. 5. The effective drag measured at 60°C with several MEAs containing
a Nafion 105 membrane but different electrodes. The first electrode in the
legend refers to the anode, the second to the cathode. The results obtained
with hydrogen stoichiometry 1.5 are shown in (a) and with hydrogen
stoichiometry 4 in (b). The air stoichiometry was 2 and gas pressures
1.5 bar. The humidification of the inlet gases was varied (see Fig. 3).

increase of the effective drag was found, i.e. a reduction of
the back transport of water (Fig. 5). This increase was more
pronounced in the case of a high hydrogen stoichiometry.
Large differences in the net drag between the MEAs, e.g.
between Toray and E-TEK SS or between the E-TEK DS/
Toray combination cells were not observed. The difference
between the E-TEK SS and E-TEK DS electrode consists
only of an additional microporous hydrophobic layer that is
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applied on E-TEK DS at the side of the gas channel. The
Toray paper has a different structure, but is also hydropho-
bic. Staiti et al. [6] investigated the water transport in MEAs
containing Toray paper electrodes with varying loads of the
hydrophobic agent fluoroethylenepropylene (FEP). They
found a clear increase of the net drag with decreasing
FEP loading. The drag they obtained with the highest
FEP loading (61%) was comparable to the values obtained
with standard Prototech electrodes, which are similar to the
E-TEK electrodes. This seems in agreement with the present
results, which show little difference in the net drag when
hydrophobic electrodes are used. No measurements were
carried out to investigate explicitly the effect of the thickness
of the electrodes. The effective thickness was determined by
the thickness of the gaskets, which were chosen in each case
to ensure a gas-tight cell. The minimum effective thickness
was obtained in the Toray/Toray cell (0.15 mm) and the
maximum thickness the E-TEK/E-TEK MEA (0.30 mm), so
the possibility that the slight increases obtained for the drag
might be caused by a smaller effective thickness of the
electrode must be considered.

Although the water transport was similar in all these
MEAs, there was a large variation in the measured cell
performances, as can be observed from Table 4. The usually
observed behaviour in our laboratory is that, when operated
with saturated gases, Toray/Toray MEAs perform better than
the base case MEA at current densities <0.5 A/cm?® and
worse at higher current densities. The E-TEK SS/E-TEK SS
MEAs have a performance similar to the base case MEA at
low current density, but are much better at current densities
>0.8 A/crnz, a result also observed in [17]. With E-TEK SS,
electrodes current densities up to 1.5-2 A/cm? can be
obtained which means that E-TEK SS allows effective
removal of water from the membrane to the gas channel.

The values in Table 4 are in agreement with these
observations. However, when operated with dry air and a
H, stoichiometry of 1.5, the MEAs equipped with E-TEK SS
electrodes had a very unstable cell performance and the
MEAs with a Toray/ECN cathode showed a voltage loss in
the order of 200 mV compared to operation with saturated
air. In fact, at larger current densities the cell voltage of this

Table 4

The cell voltage (mV) of the MEA’s with alternative electrodes measured with different inlet humidification conditions™®

Anode/cathode Jj (A/cmz) Jn, Ay, Cy Ay, Cq4 Ag, Cy Aqg, Cq
E-TEK SS/E-TEK SS 0.4 1.5 626 Unstable 621 Unstable
Toray/Toray 0.4 1.5 685 483 685 491
E-TEK DS/Toray 0.4 1.5 679 480 679 457
Toray/E-TEK DS 0.4 1.5 Not measured 599 Not measured 613
E-TEK SS/E-TEK SS 0.6 4 563 Unstable 516 Unstable
Toray/Toray 0.6 4 556 544 580 572
E-TEK DS/Toray 0.6 4 591 549 572 527
Toray/E-TEK DS 0.6 4 585 557 Not measured 533

* A,,: fuel inlet gas humidified; Ag4: fuel inlet gas dry; C,,: air inlet saturated; Cg: air inlet dry.
® The air stoichiometry was 2 in all cases and the gas pressure 1.5 bar in both channels.
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MEA also became unstable. The MEA with a Toray anode
and E-TEK DS cathode performed much better a these
conditions, even better than the base case MEA.

The second section of Table 4 shows the results obtained
with a higher hydrogen stoichiometry and a higher current
density. The cells with a Toray/ECN cathode showed con-
siderable improvement when operation with dry air was
performed in combination with a higher hydrogen stoichio-
metry. This is in agreement with the observation made for
the base case MEA above: a high hydrogen stoichiometry
provides a large reservoir of water for fast humidification of
the cathode inlet gas. A larger hydrogen stoichiometry,
however, did not improve the performance of the MEA with
E-TEK SS electrodes. With dry cathode gas this MEA was
still unstable.

These results suggest that not an increase of the membrane
resistance, which should be similar in all cases, but cathode
activation losses are mainly responsible for the low cell
voltage observed with dry air. In this respect, it seems the
catalyst layers in the Toray/ECN and especially the E-TEK
SS electrode are much more sensitive to drying-out phenom-
ena at the cathode than the catalyst layer in the E-TEK DS
electrode. As the catalyst layers in E-TEK SS and E-TEK DS
electrodes have similar composition and structure, it must be
concluded that the presence of an additional hydrophobic
microporous layer in E-TEK DS is beneficial for the humi-
dification of the cathode catalyst layer, i.e. it presents a buffer
between the dry gas channel and the wet membrane. In a
recent study by Jordan et al. [18], the role of a gas diffusion
layer next to the catalyst layer in avoiding flooding or drying
out of the catalyst was demonstrated. The present work
shows the importance of such a layer facing the gas channel
when dry air is being used. In the case of wet cathode gas,
this layer probably obstructs the removal of liquid water
leading to large diffusion losses at the cathode and a reduced
performance whenj > 1 A/cm?®. With an E-TEK SS cathode,
on the other hand, current densities in the order of 1.5-2 A/
cm? can be obtained at saturated conditions.

The structure of the Toray paper is quite different. It was
already known that with Toray only limited current densities
can be obtained at saturated conditions, since condensation
in the pores causes diffusion losses, and now it is found that
operation with dry air also can lead to severe losses. The
above results show that by careful selection of, e.g. the anode
conditions the losses may be reduced but it seems that for
cells equipped with Toray electrodes operating conditions
should always be carefully chosen.

4.5. Measurements at 80°C

A base case MEA was also studied at 80°C. The net drag
obtained with saturated gases was larger than at 60°C
(Fig. 6), but smaller than the r.,,, which according to
Eq. (11) is 0.24 at 1.5 bar, so the anode remained saturated.
Also, at this temperature no significant effect of the current
density was observed. The stoichiometry of the saturated
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Fig. 6. The effective drag measured at 80°C with a standard MEA as
function of the current density. Results are given for gas pressures 1.5 bar
in both channels except for one set of measurements carried out with p = 3
bar in both channels. The hydrogen stoichiometry and the hydrogen
humidification were varied.

gases does not affect the net drag, as is shown for the
hydrogen stoichiometry. Additional measurements with a
larger air stoichiometry, to 5, also gave unchanged results.

Operation with dry anode gas resulted in limited losses, in
agreement with the results obtained at 60°C. The drag
obtained with dry anode gas was much more negative than
at 60°C. Increase of the stoichiometry of the anode gas led to
a further reduction of the drag to less than —0.5, meaning that
in addition to all the product water, some water from cathode
gas was drawn to the anode. Again, it was found that the back
transport through the membrane is mainly determined by the
conditions in the anode gas channel, and that the back
transport can easily cancel the electro-osmotic drag.

It was not possible to operate the base case MEA at this
temperature and at 1.5 bar with dry air, not even in combi-
nation with a saturated inlet hydrogen flow with Ay, = 4.
The reason for this is of course that at 60°C most of the water
needed to saturate the air can be supplied by the product
water. At 80°C, a larger contribution from the anode is
required and this results in drying out of the anode gas.

In Fig. 6 there are also points included measured with a
gas pressure of 3 bar, both at the anode and at the cathode.
This led to a reduction of the effective drag, again till just
below the value of 7, (Eq. (11)). In fact, all measurements
with the base case MEA at 80°C as well as at 60°C show that
the back transport of water is always such that it results in a
saturated anode. If for simplicity the electro-osmotic drag is
assumed to be independent of pressure and temperature, this
means that back transport becomes smaller as the tempera-
ture increases and increases at increased pressure. This
indicates that the gas conditions play a crucial role in the
water transport.

5. Conclusions

The water transport in a PEMFC, characterised by the
net or effective drag in a cell, has been experimentally
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investigated for a range of conditions and materials. A large
data set was obtained, which was used to identify the main
factors that govern the water transport. Secondly, a correla-
tion between the water transport and the cell performance
could be made.

Analysis of these data has shown that the effective drag is
determined by the following three factors.

1. The humidity of the inlet gases.

2. The conditions that determine the humidity along
the gas channel, i.e. stoichiometry, temperature and
pressure.

3. The thickness of the membrane.

The tendency of gases to take up water to saturation level
explains many of the observations made. The outlet anode
gas was always saturated, except where the anode outlet was
opposite a dry cathode inlet, where water was drawn from
the anode to the cathode. The effective drag did not depend
significantly on the current density (at fixed stoichiometry).
The effect of a differential pressure across the membrane
could be explained in terms of changes in the gas humidity
rather than in terms of Darcy flow. Finally, the net drag
did not depend significantly on the electrode materials. This
was ascribed to the highly hydrophobic character of the
electrodes.

The cell performance was also very sensitive to the
humidity of the inlet gases. Drying-out phenomena at the
cathode side were much more detrimental for the cell
performance than at the anode side, which indicates that
the increase of activation losses was much larger than
the increase of the membrane resistance. The severity of
the drying-out depended very much on the cathode electrode
material: with E-TEK SS operation with dry air was not
possible. When Toray paper was used at the cathode,
operation with dry air was only possible at a limited set
of conditions. In several cases, it was found that drying out
of the cathode could be avoided by increasing the amount
of water in the anode gas, a fact that may be of practical use
when reformate gas is being used as fuel.

The results presented here show that the water manage-
ment in PEMFCs requires careful consideration, especially
when they are operated in a stack where the conditions may
not always be well controlled. Moreover, the response to
a change in the conditions that govern the water transport
depends strongly on composition of the MEA. Additional
research is necessary to establish the importance of the
activation losses versus the membrane losses and the role
played by the electrode material and structure, in order to

get a clear picture of all the drying-out phenomena that
occur in a PEMFC.

The effective or net drag of course gives only limited
information on the distribution of the humidity in the cell
and therefore the conclusions with respect to the origin of the
cell performance loss contain a fair amount of conjecture. In
another paper [9], a two-dimensional model will be pre-
sented that allows the translation of the effective drag data to
information on local water fluxes, enabling a more accurate
description of the observed cell behaviour. Such a model will
be of use to further clarify the water management problems
that occur in a PEMFC and to make predictions for different
materials and conditions.
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