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Abstract—Four different membrane-electrode-assemblies (MEAs) with single and dual-layer gas diffusion layers
(GDLs) at the anode and the cathode were prepared to examine polarization characteristics that rely on MEA config-
uration. Porous structure of single and dual-layer GDLs was investigated using a mercury porosimeter. An MEA with
dual-layer GDLs at each electrode demonstrated higher performance with an air feed. To comprehend the improve-
ment, the impedance behavior at various current densities and polarization behavior under back pressure were analyzed
in terms of oxygen diffusion processes that control catalyst utilization in the gas diffusion electrode.

Keywords: Proton Exchange Membrane Fuel Cells, MEA Configuration, Gas Diffusion Layer, Microporous Layer, Water

Management

INTRODUCTION

A gas diffusion layer (GDL) in PEM fuel cells is a key compo-
nent to enhance fuel and oxidant diffusion, provide electron path-
way, act as a physical support under compression, and control water
flow in the MEA to determine an effective three phase boundary
in the catalyst layer (CL) where electrochemical reactions primarily
take place. There are two types of GDLs for PEM fuel cell applica-
tions: single-layer GDLs of a carbon-based macroporous substrate
(MPS) such as carbon paper and carbon cloth and dual-layer GDLs
made up of a carbon-based MPS and microporous layer (MPL) that
contains carbon powder and hydrophobic polymer [1-4].

Numerous theoretical and experimental works on a dual-layer
GDL have been conducted by many fuel cell scientists and engi-
neers who generally propose capillary-driven flow as a primary mech-
anism for the water transport, in terms of cathode MPL properties
affected by carbon type, carbon loading (or MPL thickness), hydro-
phobic polymer content, etc [4-13]. Their results have demonstrated
that the MPL at the cathode adjusts capillary pressure of liquid water
and its back diffusion through the membrane, thus tailoring water
saturation level in the CL and the MPS at the cathode. On the other
hand, hydrophilic cathode MPLs were also introduced by several
research groups who primarily claim that liquid water transport through
hydrophilic channels by wicking effect and water vapor formed in
the CL moves towards the gas flow channel with phase change in
the presence of temperature difference (i.e., phase-change induced
flow) [14-19]. Yet, if it can be assumed that the temperature gradient
across a multi-layered structure in PEM fuel cells is considerably
small, it is easily accepted that capillary action in the hydrophobic
channels at the cathode is the dominant process for the water re-
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moval. As a result, a dual-layer GDL has been mostly applied to
the cathode compartment, based on capillary-driven flow mecha-
nism. However, a subject that covers different MEA configurations
at the anode (e.g., embedment of anode MPL at the anode) garners
less attention and is not extensively considered because of the rela-
tively low water saturation and high fuel concentration at the anode.

In this study, the MEAs with four different configurations, illus-
trated in Fig. 1, were prepared: 1) catalyst-coated membrane (CCM)
with two MPS on both sides (MEA1 or No MPL), ii) CCM with a
dual-layer GDL at the anode and an MPS at the cathode (MEA2
or AMPL), iii) CCM with an MPS at the anode and a dual-layer
GDL at the cathode (MEA3 or CMPL), and iv) CCM with two dual-
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Fig. 1. Four different configurations of MEAs.
(a) MEA with no MPL at the anode and the cathode (MEAL1
or no MPL), (b) MEA with anode MPL (MEA2 or AMPL),
(c) MEA with cathode MPL (MEA3 or CMPL), and (d) MEA
with anode MPL and cathode MPL (MEA4 or AMPL+CMPL)
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layer GDLs on both sides (MEA4 or AMPL+CMPL). Porous struc-
ture of single and dual-layer GDL, and electrochemical properties
such as polarization behavior and impedance responses of the MEAs
were investigated to understand the effect of MEA configuration
on reactant diffusion and water management in PEM fuel cells.

EXPERIMENTAL

1. Preparation of Microporous Layer on the Carbon Paper

A carbon slurry for the MPL was prepared by mixing carbon
powders (acetylene black) with isopropanol, glycerol, and PTFE-
dispersed water (60 wt% PTFE, Alfa Aesar) in an ultrasonic bath
for 2 h. The carbon shurry was blade-coated onto one side of carbon
paper treated with 10 wt% PTFE (SGL 10CA, SGL Carbon Group)
and pressed between two rotating drums at 80 °C. An MPL-coated
carbon paper was heat-treated at 280 °C for 30 min to remove glyc-
erol within the pores of the MPL, and then at 350 °C for 30 min to
distribute PTFE throughout the MPL. In the MPL, the carbon load-
ing and the PTFE content were fixed to be 2.0 mg cm™ and 20 wt%,
respectively [20].

2. Preparation Of Membrane-electrode Assembly

A catalyst ink was prepared by ultrasonically blending Pt/C pow-
ders (45 wt% Pt, Tanaka) with Nafion solution (5 wt% Nafion, Alfa
Aesar), deionized water and methanol for 2 h. The catalyst ink was
sprayed onto both sides of the Nafion 112 membrane, followed by
drying at 80 °C for 2 min. Pt loading on each side of the membrane
was made to be 0.4 mg cm. Then, the GDLs of interest were placed
on each catalyst layer.

3. Physical and Electrochemical Characterization

Pore structure of the GDL with and without MPL was examined
by using a mercury porosimeter (Micromeritics Autopore 9400).
Pore size distribution (PSD) of the GDL was obtained from the mer-
cury intrusion data (i.e., the volume of mercury filling the pores as
a function of the pressure).

Electrochemical measurements were performed in a single cell
with serpentine flow channels. Hydrogen humidified at 77 °C and
air humidified at 75 °C were introduced to the anode and cathode
compartments, respectively. All the measurements were at 75 °C
and at ambient pressure. The hydrogen stoichiometry 4,, and air
stoichiometry A, during fuel cell operation were 1.2 and 2.0, respec-
tively, and the geometric area of the MEA used in this study was
25 en’. The electrochemical impedance spectroscopy (EIS) was
carried out at different current densities from 0 to 0.8 A cm™* over
the frequency range from 10 mHz to 10 kHz. The EIS measure-
ment was performed at constant flow rate (i.e., 1,=500 cm’® min™'
and v,;,=1,000 cm® min™").

RESULTS AND DISCUSSION

During the preparation of four different MEASs in Fig. 1, the cata-
lyst ink was directly coated onto both sides of the membrane to avoid
modification of the GDL structure and ensure a well-defined inter-
face between the catalyst layer (CL) and the GDL. The interface of
MPL/MPS is quite different from that between CL and GDL since
the MPS is incorporated with the MPL during the preparation. Hence,
it is of great importance to observe porous structure of bare GDL
and dual-layer GDL.
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Fig. 2. PSD curves (dV/dlogd,) for the GDLs with and without MPL.

PSD curves for bare GDL and MPL-coated MPS are illustrated
in Fig. 2. For bare GDL, a hump followed by the main peak of PSD
appears between 20 and 300 pum, and then a relatively small vol-
ume of pores less than 10 um is observed, which indicates the bare
GDL surface contains macropores between 150-300 pum (i.e., first
hump) and carbon fibers mingled with thermoset resin mostly makes
void space of 20-100 pm (i.e., main peak). On the other hand, a broad
peak between 5-150 mm and a narrow peak at 0.05-0.1 pm are found
for the MPL-coated MPS. This means the carbon slurry has partly
intruded into the macropores (>40 um) in the MPS, forming a dual
PSD with more mesopores at 0.1-5 um. In addition, no complete
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Fig. 3. Polarization curves of the MEAs with different configura-
tions. The experiments were performed under the constant
stoichiometry mode of 4,,=1.2 and 4,,=2.0.
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penetration of carbon slurry through the MPS is observed during
the preparation of the dual-layer GDL. It is thus inferred from the
PSD data that macropores primarily reside at the channel side of
the MPS, mesopores on the other side of the MPS and micropores
form near the interface between the MPL and the MPS.

Fig. 3 presents polarization curves of the PEM fuel cells meas-
ured by using four different MEA configurations. As clearly seen
in Fig. 3, MEA1 (or No MPL) and MEA?2 (or AMPL) show appre-
ciably poor polarization behavior, which is presumably due to severe
water accumulation at the cathode MPS. The capillary pressure in
a hydrophobic diffusion medium can be expressed as [21]:

ocos 6,

po=———(1.4175-2.1205’ +1.2635") (1)
(Kabs/g)
with
Kabs dzg avg
& 16 @

Wheres, 6, s, K, & d, .., denote the surface tension of liquid water,
the contact angle of liquid water on the solid surface, the liquid water
saturation, the absolute permeability, the bulk porosity, and the aver-
age pore diameter in a diffusion medium, respectively. Since capil-
lary pressure is identical at the interface, there exists a sudden leap
of liquid water saturation at the interface between the CL and the
MPS with G, ,>90° (i.e., S¢; <S5 at the interface of CL/MPS) [10].
However, the water transferred from the anode and produced at the
cathode mostly dwells within the pores of the cathode MPS because
of much larger pores in the MPS by several orders of magnitude
(as expected from Fig. 2) than those in the CL. This results in con-
siderably low capillary pressure (i.., p.c1/d, ), thus impeding
oxygen diffusion toward catalytic active sites through the MPS [22].
In addition, a poorer performance of MEA2 (or AMPL) is also ob-
served in Fig. 3. It is surmised that the anode MPL blocks water
back diffusion from the cathode to the anode through the mem-
brane as the water is accumulated in the CL at the anode, resulting
in more severe water saturation in the cathode MPS.

In Fig. 3, conversely, the presence of cathode MPL significantly
enhanced fuel cell performance when air was used as an oxidant.
This polarization behavior is in qualitatively good agreement with
the results obtained from many research groups [4-13,23,24]. They
claim that the cathode MPL increases capillary pressure, which pushes
the water away toward the gas flow channel and/or facilitates water
transport to the anode through the membrane. More interestingly,
the cathode MPL in combination with the anode MPL in this study
displays a more beneficial effect in polarization characteristics. To
further examine how the MEA with both anode MPL and cathode
MPL affects fuel cell performance, EIS experiments that could char-
acterize electrochemical and diffusion processes with different relax-
ation time were carried out.

Fig. 4 depicts charge transfer resistance R, at various current den-
sities for MEA3 (or CMPL) and MEA4 (or AMPL+CMPL). R, for
both MEA3 (or CMPL) and MEA4 (or AMPL+CMPL) decreases
as current density increases, but it increases in the high current den-
sities (>0.4 A cm™?). This tendency of R,, is believed to be strongly
associated with the dependence of ORR kinetics on oxygen diffu-
sion across the cathode. This may be explained by thin film-flooded
agglomerate dynamics of gas diffusion electrodes consisting of cylin-
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Fig. 4. AC-impedance spectra of the MEAs with cathode MPL only
and both anode and cathode MPL as a function of current

density. (Inset) ohmic resistance obtained from x-intercept
in Nyquist plot.

drical macropores and porous agglomerate region covered by thin
electrolyte film [25,26]. According to these dynamics, the oxygen
with no concentration gradient along the macropore radially dif-
fuses towards the porous agglomerate region made up of carbon-
supported Pt catalyst intermixed with the ionomer (i.e., agglomer-
ate diffusion) through a thin ionomer film (i.e., thin film diffusion).
Such oxygen diffusion is dependent on the cell potential that influ-
ences effective porosity of the cathode gas diffusion electrode rele-
vant to water formation. So at small cathode overpotentials (or small
current densities), R , is reduced because of its dependency on agglom-
erate diffusion, while it grows due to thin film diffusion limitation at
high cathode overpotentials (or high current densities). In a macro-
scopic view, porous agglomerate regions and thin electrolyte films
have been interpreted as CL and non-CL including MPL and MPS
respectively, and two representative oxygen diffusion processes have
been assumed to be governed by water saturation level across the
cathode, depending on cathode overpotential (or current density)
[27,28]. In terms of the two oxygen diffusion processes introduced,
the results from EIS experiment imply ORR kinetics at low cur-
rent densities (<0.4 A cm?) is primarily affected by oxygen diffu-
sion in the CL, while at high current densities (>0.4 A cm™>) mass
transport limitation occurs at the GDL, resulting in slow electro-
chemical processes in the CL. More importantly, as given in Fig. 4,
all values of R, for MEA4 (or AMPL+CMPL) are smaller than
R,, for MEA3 (or CMPL), indicating MEA4 (or AMPL+CMPL)
provides a lower oxygen concentration gradient through the CL and
the GDL due to lower water saturation level across the MEA over
the whole range of current densities. It is postulated that for MEA4
(or AMPL+CMPL), more water is accumulated in the anode CL
in the presence of anode MPL, which results in i) the loss of available
catalytic active sites in the anode CL, ii) the formation of relatively
high threshold pressure that could further push water away towards
the anode gas flow channel, iii) feasibly better hydration of the mem-
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Fig. 5. Polarization curves of the MEA with anode and cathode
MPL under different back pressures.

brane leading to an improvement in proton conductivity inversely
proportional to membrane resistance (see the inset), and iv) rela-
tively high capillary pressure between the cathode CL and MPL to
force water out because of reduced water concentration gradient
across the membrane.

To obtain a better understanding of the mass transport in MEA4 (or
AMPLA+CMPL), polarization curves of MEA4 (or AMPL+CMPL)
with different back pressures were plotted in Fig. 5. It is generally
attributed to an increased reactant partial pressure that reduces hy-
drogen or oxygen concentration gradient at the anode and the cath-
ode, respectively, thereby enhancing fuel cell performance. In this
study, as compared to the MEA with no back pressure, the MEA
with back pressure at the anode reveals a better polarization behav-
ior at the concentration-controlled region (>0.9 A cm™), while for
the MEA with back pressure at the cathode a higher performance
is observed at intermediate and high current densities (>0.3 A cm™)
where it is believed oxygen diffusion limitation takes place in the
CL and the GDL, respectively [29]. It stands to reason from the above
results that the polarization characteristics are dependent on water
management both in the CL and the GDL at the cathode [28], and
water saturation in the GDL (rather than the CL) at the anode. It
can be concluded from experimental polarization curves and EIS
data that the performance improvement of the MEA with anode
MPL and cathode MPL (MEA4) is attributed to enhanced oxygen
diffusion in the cathode CL and GDL and the anode GDL due to
effective water management achieved by both cathode MPL and
anode MPL, and ohmic benefit of the membrane at the expense of
relatively high saturation in the anode CL.

CONCLUSIONS
MEAs with different MEA configurations were fabricated and

characterized using mercury porosimetry, polarization technique, and
electrochemical impedance spectroscopy (EIS). The MEA with anode

and cathode MPL demonstrated higher performance than the MEA
with no MPL, anode MPL, or cathode MPL. It is suggested that the
MEA with a combination of cathode MPL and anode MPL facili-
tates water management in both the CL and the GDL at the cathode
and in the GDL at the anode, thus enhancing fuel and oxidant dif-
fusion toward catalytic active sites.
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