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1. Introduction

In responding to the challenge of satisfying the rapid increase
in the global demand of energy while developing environment

friendly forms of power generation to reduce air pollution and
lessen the threat of global warming, proton exchange membrane
fuel cells (PEMFC) are becoming one of the potential alternative
power sources. However, the prohibitive cost of the PEMFC in con-
junction with the problem of low reliability and durability presently
are the major obstacles to its commercialization [1–3]. The per-
formance and cost of a PEMFC are critically dependent on the
electrocataytic activity of the noble metal platinum (Pt) catalyst
[4–6], as well as on material selection, fabrication processes and
performance of its various components, such as proton exchange
membrane (PEM) [7–9], gas diffusion layers (GDL) [10–12] and
bipolar plates [13–15].

PEM also called as catalyst-coated membrane if the electrocat-
alyst is formerly attached to the PEM, requires a certain amount of
water for high proton conduction; however, the exceeding water
can be easily condensed to liquid water phase within the gas dif-
fusion electrodes, in which this phenomena is defined as water
flooding [16,17]. This liquid water phase may drastically decrease
the PEMFC performance by hindering gas diffusion, as well as by
covering the active sites of the electrocatalysts, forming a dead
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.
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reaction zone [16–19]. Therefore, the porous GDL is one of the key
components in PEMFC, as it promotes effective transportation of gas
reactants to the catalyst layers, providing low electronic resistance
(due to its surface that enhances good electronic contact between
bipolar plate and catalyst), allowing an optimal catalyst utilization.
Finally, it ensures an efficient water management allowing water-
flooding prevention because of its proper hydrophobicity. A GDL

consists of a gas diffusion-backing layer, also called macroporous
substrate, made of either a woven carbon cloth or a non-woven
carbon paper (due to their good electrical conductivity, poros-
ity and mechanical strength) with or without microporous layer
(MPL).

The MPL is an electrically conductive layer, commonly com-
posed by carbon black powder and hydrophobic agent. It can be
applied on one side or both sides of the gas diffusion-backing layer.
The role of MPL is to enhance further the performance of a GDL
by minimizing electronic contact resistance, improving gas trans-
port and reducing the water-flooding tendency thanks to a proper
structure, pore size and distribution and also its hydrophobic char-
acter. The improved performance of a GDL, due to the presence
of MPL, is a recent subject of extensive attention. Aityeh et al.
[20] reported that PEMFC with a carbon–polytetrafluoroethylene
(PTFE) MPL on either electrode or on both electrodes provided a
better overall performance and durability compared to cells with-
out a MPL. Zhan et al. [21] analyzed the distribution of liquid water
phase saturation for different GDL structures and concluded that
gas diffusion increased with the increase of porosity as well as
the porosity gradient along the MPL thickness. Tang et al. [22]
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found that the PEMFC consisting of through-plane porosity-graded
carbon–PTFE MPL have better performance than those consisting
of conventional homogeneous MPL, especially at high current den-
sities. Kong et al. [19] demonstrated that pore size distribution
of MPL was the crucial parameter for mass transport processes
within gas diffusion electrodes, as well as for cell performance
characteristic than the overall porosity. Gurau et al. [23] found that
the in-plane and through-plane viscous permeability coefficient of
commercial macroporous substrates and carbon–PTFE MPL-coated
GDLs depended on the type of carbon and increased with increas-
ing the PTFE content in the GDL. Chen et al. [17] suggested that
the carbon–PTFE with in-plane MPL coating gradients established
a more uniform water distribution and could effectively avoid any
drying-out of polyelectrolyte at the cell inlet, as well as the cath-
ode flooding at the cell outlet. Many studies have been carried out
on the effect of electrically conductive filler on MPL microstructure
and performance, in terms of carbon loading [24,25], carbon load-
ing configuration [26], carbon type [27], composite carbon black
[28,29] and adoption of nano-materials [16]. As a consequence,
different interpretations and optimal experimental results were
obtained independently.

As shown above, a lower effort has been paid to discover an
alternative hydrophobic binding agent for MPL. The majority of gas
diffusion electrodes use PTFE as a hydrophobic binder, due to its
superior thermal stability and resistance to chemical degradation.
However, PTFE preparations mostly require high sintering tempera-
ture process from powder or suspension, because of its insolubility
in any known solvent; this contributes to the cost of PEMFC. With
the aim of producing a low-cost, easy to prepare gas diffusion elec-
trodes with favorable chemical and electrical properties, a method
for obtaining gas diffusion electrodes based on poly(vinylidene
fluoride) (PVDF)–carbon blends via phase inversion was firstly
detailed by Cabasso et al. [30]. A further improvement was reached
by Hitomi [31], who obtained an improved percent utilization of
catalyst in gas diffusion electrodes studies. Unfortunately, only a
handful studies on this type of hydrophobic binding agents have
been carried out since then. This motivates the present stud-
ies, particularly for MPL. Our objective is a deeper and better
understanding of the effect of preparative parameters on the char-
acteristic of PVDF-based MPL for PEMFC. Physical properties of
PVDF-based MPL, including resistance, through-plane gas perme-
ability and the resulted microstructure were carefully examined.
For a better overview, a performance analysis of the PVDF-based
MPL-coated GDL was carried out as well.
2. Experimental

2.1. Preparation of PVDF-based MPL

The MPLs were prepared by phase inversion technique [32]
using PVDF as hydrophobic binding agent with carbon black (Vul-
can XC-72R, Cabot Inc.) and/or graphite (Timrex HSAG 300, TIMCAL)
as electrically conductive filler. The electrically conductive filler
was dispersed in a PVDF solution obtained by dissolving the poly-
mer in N,N-dimethylformamide (DMF) or N-methyl-2-pyrrolidone
(NMP). The casting dispersion was mixed alternately using an ultra-
sonic bath and a magnetic stirrer for at least 3 days, forming slurry
that was successively cast at room temperature, as a thin film,
with a knife onto a smooth glass-plate or a commercially available
wet-proof carbon cloth gas diffusion-backing layer (E-TEK Division)
under an appropriately controlled slurry thickness. Extra care was
taken during the casting to make sure the slurry only partially
penetrated the gas diffusion-backing layer. After a 30 s exposure
period, the film was immersed into a water bath to form the MPL
that was leached extensively with deionized water before drying at
Sources 183 (2008) 62–68 63

room temperature. MPL with different thickness were obtained by
varying the thickness of the cast slurry film.

2.2. Preparation of traditional PTFE MPL on carbon cloth substrate

To prepare carbon ink for MPL, carbon powder (0.4 g, Vulcan
XC-72R) was mixed with 40% PTFE-dispersed water, isopropyl alco-
hol (25 mL) and glycerol (0.8 mL) in an ultrasonic bath for 2 h. The
resulting carbon ink was brush-deposited onto one side of wet-
proof carbon cloth gas diffusion-backing layer (E-TEK Division), and
successively dried at 80 ◦C for 30 min. The GDL sample was heat-
treated at 280 ◦C for 30 min to evaporate all remaining glycerol, then
at 350 ◦C for 30 min to distribute homogeneously PTFE throughout
the MPL. In the MPL, the carbon loading was about 6 mg cm−2.

2.3. Resistance measurement

The through-plane resistance of MPL was measured at 25 ◦C
by using a 2-point resistance measurement device, Keithley 2000
Multimeter (Keithley Instruments Inc.), fitted with two copper
cylindrical plates blocking the sample (surface area of 0.20 cm2).
Prior to resistance measurements, the two copper cylindrical plates
were pretreated with metal polish wadding followed by acetone
cleaning to remove any surfaces’ contaminants. A current was
passed through the cell and the voltage drop across the MPL sam-
ple was measured. The measured resistance values represent the
overall resistance of the sample and the two contact resistances
between samples and the copper plates.

2.4. Through-plane air permeability measurement

The through-plane air permeability was determined at 25 ◦C
temperature by measuring the pressure drop through MPL corre-
sponding to a given air flux preset by a mass flow device. The MPL
surface area was 0.80 cm2.

2.5. Scanning electron microscopy

A LEO Stereoscan 440 (LEO Electron Microscopy Ltd.) scanning
electron microscope (SEM) equipped with analytical system of EDS
(Oxford link with a Ge detector with the resolution of 120 eV) was
used at accelerating voltages of 1 and 30 kV. Dried MPL samples
were fractured at liquid nitrogen temperature and fixed to a SEM
spin stub with a conductive adhesive prior to be coated with a thin

layer of gold (20 nm) by using a sputtering device. MPL images were
taken at different magnifications.

2.6. Membrane–electrode assemblies and PEM fuel cell test

Commercially available catalyst-coated membrane (PAXITECH
Co.) consisting of a Nafion® 212 membrane (DuPont) with a Pt
loading of 0.5 mg cm−2 for both anode and cathode side was
used to investigate the single cell performance of the MPL sam-
ples. The membrane–electrode assembly was constructed with the
PVDF-based MPL-coated GDL only at the cathode and a wet-proof
commercially available gas diffusion-backing layer at the anode.
In order to make a comparison, the wet-proof commercial gas
diffusion-backing layer and traditional PTFE MPL-coated GDL were
used at the cathode instead of PVDF-based MPL-coated GDL.

The performance of the single cell with the active area of 5 cm2

was measured with H2 as fuel gas and air as oxidant at 60 ◦C
without back pressure in a fuel cell test station (Fideris Innova-
tive Solutions) equipped with SCADA (Supervisory Control and Data
Acquisition) system. The external humidification temperatures of
H2 and air were constantly kept at 70 and 65 ◦C, respectively. H2
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Fig. 1. Effect of MPL thickness on resistance and gas permeability.

and air flow rates of 0.2 L min−1 were fed. Prior to the polariza-
tion curves recording, assembled cells were activated by setting
polarization at ramp mode and operate continuously till a stable
performance was obtained.

3. Results and discussion

3.1. Effect of MPL thickness

MPL thickness was measured by micrometer with an accuracy
of 1 �m. In order to obtain reliable results, thickness measure-
ments have been performed using three different samples from
the same batch of MPL and the mean-value was calculated. The
same approach was followed for resistance and gas permeability
measurements as well. Fig. 1 shows the effect of MPL thickness on

Fig. 2. SEM images of cross-section (a) and sur
Fig. 3. Effect of PVDF concentration in DMF and PVDF/electrically conductive filler
ratio on MPL resistance and gas permeability.

resistance and gas permeability. As expected, resistance increases
(from 0.069 to 0.096 �) with the increase of MPL thickness (from 41
to 112 �m) and almost levels off at 0.096 � with further increase in
the MPL thickness. In contrast with resistance, MPL gas permeabil-
ity decreases from 1.35 to 0.83 × 10−4 mol s−1 Pa−1 m−2 with the
increase of MPL thickness from 41 to 112 �m within the studied
range.

The behavior of resistance and gas permeability can be
explained as a function of MPL thickness through the inspection
of SEM images reported in Fig. 2. The MPL with lower thickness
(Fig. 2a1 and b1) possess almost homogenous through-plane poros-
ity with cavities throughout the cross-section and higher amount

face (b) of MPLs with different thickness.
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of larger pores on the surface (corresponding to the air–slurry
interface). Thus, the MPL matrix has resulted to lower material
resistance, while the higher porosity and lower thickness yield bet-
ter gas permeability. On the contrary, the thicker MPL (Fig. 2a2 and
b2) presents inhomogeneous through-plane porosity with visual-
able compact layer (on the right side of the SEM image) and smaller
pore size on its surface that increases the MPL resistance and
reduces gas permeability.

The observed results can be attributed to the different mem-
brane mechanism formation during water immersion step. Phase
separation during water immersion is a very complicated poly-
mer precipitation process, controlled by the polymer solvent–water
exchange as well as by shrinkage phenomena. Binary solutions,
composed of polymer and solvent, are free to shrink during water
immersion; consequently very small pores are formed on the mem-
brane surface [32]. The addition of particles to binary polymer
solutions alters the phase separation process, as particles do not
obviously shrink during membrane formation in the water bath.
As a result, new large pores are formed on the membrane sur-
face [33,34] and their number and size increases with the increase

Fig. 4. SEM images of cross-section (a) and surface (b) of MPLs prepared by differe
Sources 183 (2008) 62–68 65
of the particles concentration in the dispersion [34]. However,
during the exposure period of the cast dispersion before water
immersion, particle settling phenomena can occur (especially
when the dispersion viscosity is low), thus leading to polymer
enrichment at the air-cast dispersion. By increasing the thickness
of the cast dispersion, a thicker polymer rich layer is formed; con-
sequently the surface of the resulting membrane becomes less
porous.

3.2. Effects of PVDF concentration and PVDF/electrically
conductive filler ratio

Fig. 3 is a plot of MPL resistance and gas permeability as a func-
tion of PVDF concentration and PVDF/electrically conductive filler
ratio. In the case of the MPL with PVDF/electrically conductive filler
ratio of 1/0.5, resistance increases from 0.052 to 0.082 � with the
increase of PVDF concentration from 5% to 10%; the gas permeabil-
ity drops significantly from 23.99 to 0.57 × 10−4 mol s−1 Pa−1 m−2.
Nevertheless, at a constant PVDF concentration (10%), MPL resis-
tance decreases with the decrease of PVDF/electrically conductive

nt PVDF concentration in DMF and PVDF/electrically conductive filler ratio.
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Fig. 5. Effect of electrically conductive filler blend on MPL resistance and gas per-
meability.

filler ratio, whereas the influence on gas permeability is not rele-
vant.

The inspection of SEM images shown in Fig. 4 reveals clearly that
the PVDF concentration and PVDF/electrically conductive filler ratio
have a considerable effect on MPL structure, which explains the
variation in MPL resistance and gas permeability. A very low PVDF
leads to a MPL with a very inhomogeneous cross-section structure
(Fig. 4a1) and very large surface pore (Fig. 4b1), that yields very high
gas permeability. At a higher PVDF concentration (Fig. 4a2), the MPL
structure is significantly packed down with very small surface pore
(Fig. 4b2), resulting in lower gas permeability. It is worth remem-
bering that PVDF is not a conductive polymer. Thus, an increase
of polymer concentration has a positive effect on hydrophobicity

Fig. 6. SEM images of cross-section (a) and surface (b) of MPL
Sources 183 (2008) 62–68
Fig. 7. Effect of PVDF solvent on MPL resistance and gas permeability.

as well as on mechanical properties and unfortunately, also on the
material resistance. On the contrary, by keeping the PVDF concen-
tration constant and by decreasing the PVDF/electrically conductive
filler ratio, the MPL porosity increases due to the formation of cavi-
ties along its cross-section (Fig. 4a3) and of a larger amount of bigger
pores on the surface (Fig. 4b3). In addition, an increase of thickness
is observed. Therefore, higher electrically conductive filler content
reduces the MPL resistance, with a mild impact on gas permeability.

3.3. Effect of electrically conductive filler blend

Since the addition of large amount of Vulcan led to slurry that
was quite impossible to cast (owing to its high viscosity), it was
decided to prepare high electrically conductive filler loading slurry
by using a blend of carbon black (Vulcan) and graphite (Timrex)

s prepared from different electrically conductive filler.
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face (b) of MPLs prepared by different PVDF solvent.

and commercial GDL coated with traditional PTFE MPL, especially
at high current densities (>ca. 0.3 A cm−2). Gas mixture is trans-
ported by convection from the cathode flow-field, through the GDL
towards the catalyst layer while the produced liquid water must
be transported in counter-flow from the catalyst layer, through
the GDL into the cathode flow-field [23]. According to Litster et
al. [35], the liquid water transport within GDL is a process of
pressure buildup and breakthrough. Capillary forces are the main
resistance to the liquid–gas interface progression in the hydropho-
bic structure. Therefore, the fluid will preferentially pass through
the cross-sections featuring the greatest spacing, as this reduces
capillary pressure resistance [35]. In addition, the gas mixture dis-
tribution in the flow-field can be super-positioned by a flow in
Fig. 8. SEM images of cross-section (a) and sur

particles, the size of which is much larger than that of Vulcan parti-
cles. A lower contribution to the viscosity increase is consequently
predicted. The effect of electrically conductive filler blend on resis-
tance and gas permeability of MPL is shown in Fig. 5. As it can be
seen, the use of electrically conductive filler blend reduces resis-
tance from 0.092 to 0.062 �, though it also causes gas permeability
of MPL to drop gently from 1.11 to 0.87 × 10−4 mol s−1 Pa−1 m−2.

Fig. 6 shows the effect of electrically conductive filler blend on
the structure of MPL. Addition of Timrex in the blend does not seem
to alter significantly the structure and porosity of MPL, but it leads
to a slight increase of MPL thickness. So, the positive effect on elec-
trical conductivity due to the addition of Timrex is associated to a
slightly negative influence on air permeability.
3.4. Effect of PVDF solvent

Fig. 7 compares the properties of MPL prepared by using differ-
ent PVDF solvent (DMF and NMP). As it can be seen, the type of
solvent has a significant impact on MPL resistance and gas perme-
ability. DMF cast MPL posses higher resistance (0.062 �) than the
NMP cast MPL (0.053 �). Nevertheless, both DMF and NMP cast
MPLs present very close gas permeability values.

These results can be reasonably explained with the SEM micro-
graphs reported in Fig. 8. In fact, the MPL cast from DMF slurry
shows a more compact cross-section structure, but the size and the
number of the surface pores does not differ too much from the NMP
cast MPL.

3.5. PEM fuel cell performance evaluation

Fig. 9 compares the polarization curves of blank commercial
GDL, traditional PTFE MPL-coated GDL and PVDF-based MPL-
coated GDL. The performance of commercial GDL coated with
PVDF-based MPL is better than that of blank commercial GDL
the GDL [36]. Thus, better mass transport at higher current den-
sities region was achieved for GDL at the presence of PVDF-based
MPL (Fig. 9), due to its appropriate in-plane and through-plane

Fig. 9. Polarization curves of blank commercial GDL, traditional PTFE MPL-coated
GDL and PVDF-based MPL-coated GDL.
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microstructures. The PVDF-based MPL has a hydrophobic asym-
metric porous structure with cavities, in which the in-plane and
through-plane mass transport enhanced. This effect is obviously
not present in the conventional PTFE MPL and without MPL-coated
GDLs. Hence, the obtained results demonstrate that the PVDF-based
MPL has a great potential and interest for further study and devel-
opment.

4. Conclusion

A large variety of MPL has been prepared from slurries formed
by an intimate dispersion of electrically conductive filler into a

PVDF solution. The effect of preparative parameters such as PVDF
concentration, PVDF/electrically conductive filler ratio and PVDF
solvent on MPL thickness, resistance and gas permeability has
been investigated. The PEMFC performance test demonstrates that
the presence of PVDF-based MPL potentially reduces mass trans-
port losses within the GDL at current densities higher than ca.
0.3 A cm−2. Thus, these findings justify future studies and continu-
ous improvement of PVDF-based MPL.
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