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Abstract

The objective of this work was to investigate the effect of both the permeability of the electrodes and the configuration of the gas flow
distributor on the performance of a proton exchange membrane fuel cell (PEMFC). For that purpose, MEAs including electrodes of two types,
carbon paper and carbon cloth, have been characterised electrochemically by measuring the polarization curves for a wide range of
operational conditions with H, and O-/air as reactants. MEAs with surface active areas of 50 and 290 cm? have been characterised in single
cells with two flow-field configurations: a grooved plate with parallel gas channels and solid ribs, and a solid plate. The latter is a novel gas
flow distributor that has been designed and tested in our laboratory. A subsequent series of experiments were carried out in order to measure
the gas permeability of the electrodes of the MEAs characterised previously. The permeability of the electrodes was measured separately for
0O,, N, and H; in the absence of water vapour.

The fuel cell performance strongly depends on both the gas permeability of the electrodes and the type of gas flow distributor. The effect of
the electrode permeability is not meaningful in the case of the grooved plates, but it is rather important in the case of the solid plates. With the
grooved plates, the differences in the fuel cell performance observed with the various MEAs must be attributed to factors mostly related to the
catalyst layer (platinum and Nafion content, dispersion of the catalyst, etc.). With solid plates, however, the MEAs of both short and large sizes
performed consistently with the gas permeability values of the electrodes measured in this work. In general, the performance of the fuel cell
with solid plates declines when the permeability of the electrodes decreases. In the range of current densities covered here, below 300 mA/
cm?, the MEAs with the more permeable electrodes performed comparably with either grooved or solid plates. The less permeable electrodes
were the ones in the MEAs provided by E-TEK, which are made of carbon cloth with 40 wt.% of hydrophobic material. In this case, noticeably
higher gas transport losses were observed with the solid plates than with the grooved plates, particularly when air was used as oxidant.

The influence of water vapour on the gas electrode permeability and the effect of the electrode hydraulic permeability on the fuel cell
performance will be investigated in a future work.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

In the proton exchange membrane fuel cells (PEMFC) the
electrodes are made of a porous mixture of carbon supported
platinum and ionomer. In order to be able to catalyse reac-
tions, catalysts particles must have contact to both protonic
and electronic conductors. Furthermore, there must be pas-
sages for reactants to reach the catalyst sites and for reaction
products to exit. The contacting point of the reactants, catalyst
and electrolyte is conventionally referred to as the three-phase
interface. The porous backing layer, which is placed behind
the catalyst layer, fulfils important tasks in the PEMFC. In this
layer, combined requirements of effective reactant gas supply
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to the catalyst layer and effective water supply and removal in
either vapour or liquid form have to be simultaneously
fulfilled. Wet-proofing by PTFE is required to ensure that
atleast part of the pore volume in the cathode backing remains
free of liquid water in an operating cell, so as to enable rapid
gas-phase transport. The scale of the porosity and the amount
of PTFE added are two important parameters that determine
the success of the backing layer in fulfilling the combined
tasks of gas and water transport. Obviously, the backing layer
has to be made of a material of high and stable electronic
conductivity in a wet environment. Although some expanded
metal structures have been suggested, most of PEMFC back-
ings to date have been based on porous carbon paper [1-5], or
cloth [6-9]. The effect of the electrode backing material on the
fuel cell performance has been investigated in previous works
[10-12]. In general, MEAs with carbon cloth electrodes has
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better performance that the ones with paper diffuser at higher
current densities, whereas MEAs with paper diffuser are
better at lower current densities. Some authors [12] attribute
that behaviour to lower Ohmic losses for paper at lower
current densities compared to cloth, while cloth has lower
diffusion losses at high current densities. The aim of this work
was to investigate the influence of the backing gas perme-
ability and the flow-field pattern on the performance of a
PEMEFC. These two factors determine the distribution of the
reactants on the surface of the electrodes as well as the total
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flow rate of gases that reaches the catalytic layer, with the

subsequent impact on the fuel cell performance.

2. Experimental

The experimental activities accomplished in this work
are described in this section. Firstly, a series of MEAs of
different sizes and electrodes, as summarised in Table 1,
were characterised electrochemically. The polarisation
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Fig. 1. Polarisation curves obtained with MEAs of 50 cm? active area and two gas flow distributors. Grooved plate: (a) EC, (b) SH2, (c) E-TEKI. Solid plate:
(d) EC, (e) SH2, (f) E-TEKI1. The material of the electrode was carbon paper (a, d), and carbon cloth (b, e, c, f).
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curves of the MEAs were obtained in single cells for a wide
range of operational conditions. Then, the gas permeability
of the electrodes of the MEAs characterised previously was
measured experimentally.

2.1. Polarisation curves

The measurement of the performance of the MEAs was
carried out in an experimental device that consists of a set of
mass flow controllers to feed the reactant gases to both
the anodic and cathodic sides. The mixtures of gases pass
through humidifiers, which are filled by means of a peristaltic
pump. The gases continue along a heater pipe and are injected
in the fuel cell, which is heated by an external electrical power
source with a PID controller. The water from the exhausted
gases is condensed before being removed and the dry gases
pass through pressure valves which let fix overpressure in the
fuel cell. The control and the data acquisition are made by
means of specific PC software developed in our laboratory.
For the load demand, a resistive load (HP 6060B) with a range
of 3-60 Vand 0—60 A was used originally. Due to the internal
resistance of the load (30 ), in the experiments with single
cells a maximum current intensity of 15 A was achieved at
fuel cell voltages nearly 0.5 V. Later on, the electronic load
was substituted by a bipolar power supply (Fug NLB700M-
6.5) in the range from 0 to 60 A and 0 to £6.5 V, which
allowed to overcome the previous limitations.

MEAs of two sizes, 50 and 290 sz’ were tested in single
cells with two different gas flow distributors: a ribbed plate
and a solid plate. These configurations were mechanized on
two graphite plates which were assembled in a monocell
arrangement. A simple calculation, based on first principles,
was performed in order to determine the force couple
necessary to obtain a good electric contact: 3.4 Nm in
the case of the short MEAs (50 sz) and 10.2 Nm for
the large ones (290 cmz).

A wide range of gas flow rates and pressures was covered
in the characterisation experiments, with H, as fuel and
either O, or air as oxidant. In order to compare, the gas flow
rates for testing the MEAs were as following for electrodes:
(a) 50 cm?: H, (0.4 1/min), O, (0.4 1/min) for tests H,:0, and
H, (0.4 1/min), O, (0.4 1/min), N, (1.5 1/min) for tests H,:air;
(b) 290 cm?: H, (0.8 1/min), O, (0.4 1/min) for test H,:0, and
H, (0.8 1/min), O, (0.4 1/min), N, (1.5 I/min) for tests H,:air.
The fuel cell temperature was maintained constant at 60 °C
in all the tests, and the gas humidification temperatures were
70 and 65 °C in the anode and cathode, respectively. The
internal resistance of the electronic load limited the max-
imum current density attainable in experiments with single
cells, which explains the interruption of the polarization
curves displayed in Figs. 1 and 2.

2.2. Electrode permeability

The effective gas permeability of the electrodes of the
MEAs was obtained by measuring the pressure drop as a
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Fig. 2. Polarisation curves obtained with MEAs of 290 cm? active area. E-
TEK2 and two flow-field configurations: (a) grooved plate, (b) solid plate,
and (c) LA and solid plate as gas flow distributor.

function of the gas flow rate. The MEAs were assembled in a
monocell configuration and were clamped at the same force
couple that was used in the polarisation curve tests. Then,
nitrogen, oxygen and hydrogen were fed sequentially into
the anode and cathode sides of the MEAs. The reason to use
these gases was to simulate the operational conditions that
take place in a fuel cell. We measured the pressure drop
along the electrodes for flow rates up to 2 1/min by means of
a differential pressure transmitter (Spriano model SET 27B)
with a nominal range between 0 and 250 mbar. The flow rate
was incremented from 50 to 300 and 100 ml/min in the rest.
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Table 1

Characteristics of the electrodes of the MEAs used in this work

MEAs Electrode Hydrophobic Catalyst Platinum load Electrode
material ontent (wt.%) (wt.% Pt/C) (mgPt/cmz) thickness (mm)

50 cm?

EC Carbon paper - 20 1.0 0.25

SH1 Carbon paper - 40 0.7 0.25

SH2 Carbon cloth 20 20 0.5 0.35

E-TEK1 Carbon cloth 40 20 0.5 0.35

290 cm®

LA Carbon paper - 40 0.7 0.25

E-TEK2 Carbon cloth 40 20 0.5 0.35

The electrolyte was a membrane of Nafion 117 in all the cases.

3. Results and discussion

In a previous work [13,14], using a 3D numerical simula-
tion, the performance of the flow distributor was assessed in
terms of the fuel consumption of the anode. Gas consump-
tion increased when decreased the permeability of the gas
distributor placed on the front of the electrode. The simula-
tion showed that in terms of reactant utilisation, porous
materials were more advantageous than grooved plates.
Tests for both polarization curves and electrode permeability
were made to confirm these results.

3.1. Polarization curves

Table 1 shows the characteristics of the MEAs used in
this work; in all the cases the electrolyte was a membrane
of Nafion 117. Commercial MEAs were purchased from
ElectroChem (EC) and E-TEK. The rest of the MEAs were
prepared using commercial components: short size (SH1
and SH2) and large size (LA). The polarisation curves
displayed in Fig. 1 (electrode 50 cm?) and Fig. 2 (electrode
290 cm?) were measured in the conditions explained in
Section 2.1. The internal resistance of the electronic load
limited the maximum current density attainable in experi-
ments with single cell (see Section 2.1), which explains the
interruption of the polarization curves displayed in Figs. 1
and 2.

In the case of the MEAs with electrodes of 50 cm?, with
grooved plates, the best performance corresponds to the
MEA EC followed of E-TEK1 and SH2. With solid plates,
again the MEA EC performed the best followed of SH2 and
E-TEK1. Moreover, the MEAs EC and SH2 showed similar
performance with the two gas flow distributors, while the
MEA E-TEKI performed significantly better with grooved
plates than with solid plates.

In the case of the MEAs with electrodes of 290 cm?, for a
given gas flow distributor, the MEAs LA and E-TEK2
performed comparably. No effect of the gas flow distributor
on the fuel cell performance was observed with O,. With air,
however, better results were obtained with the grooved plate
than with the solid one.

3.2. Electrode permeability

Measurements of the electrode gas permeability were
undertaken in order to explain the electrochemical beha-
viour of the MEAs characterised in Section 3.1. The pressure
drop was measured as a function of the gas flow rate in the
two electrodes of the MEAs (el and e2) for N,, O, and H,
separately. The graphs obtained are plotted in Fig. 3. The
pressure drop at a certain flow rate depends on the physical
properties of the gas, mainly viscosity, which explains the
different slope of the experimental data obtained with the
three gases. The largest pressure drop corresponds to oxy-
gen, closely followed of nitrogen. Lower pressure drop was
measured with hydrogen, the lightest one. In general, the
two electrodes of every MEA behaved comparably except
for MEAs SH1 (Fig. 3a) and E-TEKI1 (Fig. 3c). These
discrepancies may be attributed to differences in the struc-
ture of the two electrodes: pore size distribution and con-
nectivity, electrode thickness, etc., that could have emerged
during the preparation of the MEAs. The experimental data
were fitted to a straight line from which slope, the perme-
ability of the electrodes was derived. The Darcy law relates
the pressure drop and the velocity of a fluid in a porous
medium. In the tests, the gas flows along the electrodes from
the inlet to the outlet of the fuel cell, in both the anode and
the cathode sides. Therefore, for the quadrangular MEAs
used in this work, the Darcy’s law takes the form

vp="y (1)
o

ap=H 2y @)
KL-e

where AP represents the pressure drop along the electrode;
H, L and e are, respectively, the length, height and thickness
of the electrode; Q is gas flow rate; K represents the lateral
permeability of the electrode; and u is the gas molecular
viscosity.

Due to the fact that MEAs were prepared using the hot
pressing technique and to the compression they withstood
inside the fuel cell during the characterisation phase, the real
thickness of the electrodes was not known. Thus, instead of
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Fig. 3. Pressure drop vs. gas flow rate in the electrodes of the MEAs. Active areas: 50 cm?: (a) SHI, (b) SH2, (c) E-TEK1; 290 cm?: (d) LA, (e) E-TEK2.

K we calculated the product K-e that, in any case, serves to
compare the permeability of the electrodes of the different
MEAs. The product K-e was estimated with the expression

_ KA ! I
T S L 101325 x 6 x 104273

3)

with S the slope of the lines and T the room temperature.

The K-e values so obtained are shown in Fig. 4 for the
electrodes of 50 and 290 cm”. The MEA SH1 was prepared
with commercial components, electrodes of carbon paper
among them. During the characterisation phase, the MEA
SH1 showed a performance comparable to the commercial
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Fig. 4. The K-e values of the MEAs of: (a) 50 cm? and (b) 290 cm? with electrodes of carbon paper (SH1, LA) and carbon cloth (E-TEK1, E-TEK2, LA).

MEA from ElectroChem (EC). Hence, it is assumed that the
K-e values measured with the MEA SH1 represent reason-
ably well the permeability of the electrodes of the MEA EC.

For a given MEA, small differences in the K-e values of
the two electrodes (el and e2) can be observed in Fig. 4.
The largest difference, nearly 20%, corresponds to the
MEA SHI, the one with the most permeable electrodes.
Moreover, for a given electrode, similar values of the
product K-e were obtained with N,, O, and Hj; the differ-
ences were inferior to 10% in all the cases. The electrodes
of carbon paper showed higher permeabilities than the
electrodes of carbon cloth in the MEAs of 50 cm?. None-
theless, similar permeabilities were found for the two types
of electrodes in the MEAs of 290 cm?. In particular, the K-e
values correspondent to the E-TEK electrodes, i.e. carbon
cloth 40 wt.% hydrophobic, compare quite well with those
estimated by other authors [15].

4. Conclusions

The major conclusion were drawn from this work is stated
here: the effects of the permeability of the electrodes and the
type of gas flow distributor on the fuel cell performance are
tightly linked to each other. In particular, the effect of the
electrode permeability on the PEMFC performance depends
strongly upon the flow-field pattern. This effect is not
meaningful in the case of grooved plates, but it is rather
significant in the case of solid plates. With the solid plates,
the MEAs performed consistently with the gas permeability
values of the electrodes measured experimentally. In gen-
eral, the performance of the fuel cell with solid plates
declines when the permeability of the electrodes decreases.

Furthermore, in the range of current densities covered
here, up to 300 mA/cmz, the MEAs with the more permeable
electrodes performed comparably with either grooved plates
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or solid plates. The less permeable ones were the electrodes
of carbon cloth with 40 wt.% of hydrophobic material
present in the MEAs provided by E-TEK. In this case,
noticeably high diffusion losses were observed with the
solid plates as compared to the grooved plates, particularly
when air was used as oxidant. Therefore, the use of highly
permeable electrodes, mainly carbon paper, is recommended
when solid plates are used as gas flow distributor. With
grooved plates, either carbon paper or carbon cloth can be
used indistinctly.
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