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Abstract

Knowledge of the absolute permeability for the various porous layers is necessary to obtain
accurate profiles for water saturation within the membrane electrode assembly (MEA) in a two-
phase model of a polymer electrolyte membrane fuel cell (PEMFC). In this paper, the gas
permeability of gas diffusion layers (GDLS) coated with micro-porous layers (MPLs) of
various carbon loadings for two different carbon blacks have been experimentally measured.
The permeability of the GDL was found to decrease by at least one order of magnitude after
the MPL-coating. Also, the permeability of the MPLs was shown to be lower than that of the
carbon substrate by 2-3 orders of magnitude. Further, it was found that the gas permeability of
the MPLs changes significantly from one carbon loading to another despite the use of a single
weight composition for all the MPLs coated, namely 20% PTFE and 80% carbon black. This
signifies the possible inaccuracy in estimating the MPL permeability through employing the
cross-section SEM images as they do not resolve the MPL penetration into the carbon substrate.

Finally, the MPL sintering was found to slightly decrease the permeability of the GDL.

Keywords: PEMFCs; GDL; MPL; Carbon loading; Carbon type, Sintering; Gas

permeability



1. Introduction

Polymer electrolyte membrane fuel cells (PEMFCs) are a promising clean power source for a
wide range of portable, automotive and stationary applications and this is in particular due to
its high efficiency and low-temperature start-up [1-6]. Gas diffusion layers (GDLs) are key
components in PEMFCs [7-10]. The GDL is a porous layer sandwiched between the catalyst
layer (CL) and the flow-field plate. The main functions of the GDL are to uniformly and
efficiently distribute the reactant gases to the catalyst layer; improve the electrical contact with
the latter; dissipate heat that is mainly generated in the cathode catalyst layer; and drive
excessive liquid water away from the electrodes to the flow channels [11-18]. To efficiently
perform the above functions, the GDL is usually wet-proofed [19-24]. Further, it is normally
coated with the so-called micro-porous layer (MPL) on the side facing the catalyst layer in
order to enhance the electrical contact with the catalyst layer and properly handle the liquid
water emerging from the cathode catalyst layer. The MPL is typically composed of carbon

black and PTFE particles [R1

Many researchers have investigated the effects of the MPL and its composition on the
performance of PEFCs [7, 9, 25-31]. The areas of research in this regard areytgpiché

effects of loading of the wet-proofing agent [25, 27-28, 31, 45], type of carbon black [6, 22
26, 32] and carbon loading [21, 25, 27-28, 45]. Park et al. [26] found that the optimum carbon
loading that achieves the maximum performance isy@y®nm2. Ismail et al. [25] measured

the through-plane permeability of two coated GDLs that varied in terms of PTFE loading
present in the MPL. They found that the through-plane permeability of the MPL, and
consequently the permeability of the whole GDL, increases as the PTFE loading increases from

about 25% to 50%. Jordan et al. [22] reported that a better fuel cell performance is achieved



when the loading of the Acetylene Black carbon is between about 1.25 amg) &r@?2. In
addition, they investigated the influence of carbon black types, i.e., Vulcan XC-72R and
Acetylene Black, and sintering on the fuel cell performance. They found that the cell performs
better with the sintered MPL loaded with Acetylene Black carbon and this is mainly due to the
uniform distribution of the PTFE loading in the sintered MPL. It is worth mentioning that
sintering is performed to coalesce the PTFE particles by subjecting them to a temperature close
to their melting point and consequently uniformly distribute them in the MPL [8]. Similarly,

the PTFE loading in the carbon substrate has an influence on the overall performance of the

PEMFCs [23, 25, 27-28

For two-phase modelling of PEMFCs, it is of importance to use accurate values for the
permeability of the various porous layers in the membrane electrode assembly (MEA). The
permeability significantly affects the capillary diffusivity and consequently the saturation
profile within the MEA [19, 32]. The gas permeability of the GDL has been experimentally
estimated by various research groups [33-45]. However, there have been fewer attempts to
estimate the permeability of thinner layers, namely the MPL and the catalyst layers [21, 25, 33-
34]. In this paper, we have experimentally estimated the permeability of the MPLs of in-house
coated GDLs through measuring the permeability and thickness values of the GDL before and
after MPL-coating. The sensitivity of the MPL permeability to carbon loading of the MPL with
different carbon types has been investigated for the first time. Further, we shed some light on

the effects of sintering on the permeability of the coated GDLSs.



2. Materialsand Methods

The carbon substrate used to prepare the coated GDLs was SGL 10BA which was provided by
SGL Carbon GmbH, Meitingen, Germany. The physical properties of the SGL 10BA carbon
substrate, as provided by the manufacturer, are listed in Table 1. Two types of carbon powders
were considered, Ketjenblack EC-300J (AkzoNobel, the Netherlands) and Vulcan XC-72R
(Cabot Corporation, USA). Table 2 summarises the physical properties of the carbon blacks as
provided by the manufacturers. The hydrophobic agent used was 60 wt% PTFE emulsion

(Sigma-Aldrich, UK).

Table 1: Manufacturer’s physical properties of the SGL 10BA carbon paper

substrate.
Physical parameter Reported value
Thickness 380 + 60um
Areal weight 85+2gnv
Porosity 0.88
PTFE loading 5 % by weight




Table 2: Manufacturer’s physical properties of the carbon black.

Properties K etjenblack EC-300J Vulcan XC-72R
Pore volume (ml/100 g) 310-345 178
Apparent bulk density (kg/fn 125-145 20-380
Surface area (ffg) 950 254
Particle diameter (nm) 30 30
pH 9.0-10.5 2-11
Volatile (by weight % max.) 1.0 2-8

2.1 Preparation and application of MPL ink

For the purpose of this study, 5 sets of MPL-coated GDL samples were prepared following the
procedures available in [22, 26]. In each set, there were 6 samples which share tlzglsame c
loading in the MPLs. The carbon loadings considered were 0.5, 1.0, 1.5, 2.0 and 2.8.mg cm
The difference between the each set of the 6 samples illustrated below in Fig. 5, Section 3.2.
For all the carbon loadings investigated, the composition by weight of the MPL ink has been
kept unchanged: 80 % carbon powder and 20 % PTFE. The calculated amounts of the carbon
black and the PTFE dispersion were manually mixed until a paste-like material was formed.
Isopropyl alcohol was added, as a dispersion agent to the formed mixture and the resulting
slurry was sonicated until an ink with a good dispersion was formed. The carbon substrate
samples were stuck to a heated plate and the formed ink was manually sprayed onto them using
a spray gun (Badger 180 LG, USA). In this work, nitrogen gas is used for applying the ink

slurry on the surfaces of the sam(d28]. The temperature of the plate was set to about 80 °C



in order to evaporate the volatile components as the ink was applied to the substrate. The

samples of the carbon substrates were made circular with a 2.50 cm di@8leter

The thickness of the GDL samples was measured before and after the MPL-coating using a
micrometre. Each sample was measured at 4 equally-spaced positions within it to provide a
representative average value of the thickness. The thickness of the coated samples was
confirmed by employing cross-section scanning electron microscopy (SEM) images. Thes
images were also used in estimating the thickness of the MPL which was required in calculating
its gas permeability, as will be shown in Section 2.4. The SEM images were produced using

MA15SEM (EVOZEISS, 8GnnY).
2.2 Sintering

The MPL-coated GDL samplegere heat-treated as follows: 120 fa 1 hour, 280 °Gor 30
minutes and finally sintered at a temperature of 350 °C for 30 minutes. It should be noted that
the gas permeability of the coated samples were experimentally measured before arat-after he
treatment and sintering in order to evaluate the effects of the latter process. The morphology
of the MPLs before and after heat-treatment was examined by employing SEM iohdige

surfaces of the coated samples.
2.3 Through-plane gas permeability setup

The experimental setup of this work has been previously used in [27] for investigating through-
plane permeability, see Fig. 1. As shown in Fig. 1, the setup consists of upper and lower
fixtures, with the sample fixed between the two fixtures as described in [22]. Nitrogen gas was
the flowing gas through the sample. The pressure drop across the sample was measured at 8

equal-interval values of the flow rate. The flow controller used was an HFC-202 (Teledyne



Hastings, UK) with a range of 0-00.5 SLPM and the differential pressure sensor used was a

PX653 (Omega, UK) with a range of £12.5 Pa.

Mass Flow Controller

Nitrogen Cylinder
Upstream Fixture

{HL

SN

GDL
Sampl¢

H pout

Downstream Fixture

1 17

Local Pressure

Fig. 1. Schematic diagram of the experimental setup. Reprinted from Ref. [26]
with permission of Elsevier.



2.4 Data analysis

Sufficiently low flow rates were used to render the inertial losses negligible and consequently

Darcy’s Law is employed, which can be solved for the permeability as follows [31

_ U
Tk’ S
v= -1 ®)

whereAP is the pressure drop across the samplis, the thickness of the sampje,is the
dynamic viscosity of nitrogen gasjs the gas permeability of the porous sample calculated at
the test temperature-g0 °C), V is the velocity of the flowing ga® is the volumetric flow
rate and is the diameter of the sample exposed to the flow.

Since the carbon substrate and MPL are typically layered in the coated GDLSs, the pressure drop

across the coated sample can be consequently expressed as follows [42

APgp1, = APypr, + APy (3

where AP¢p1,, APypr, @and AP, are the pressure drops across the coated GDL, the MPL and

the carbon substrate, respectively. From Equation (1), Equation (3) can be written as follows:

L L L
MGDLV:M MPLV_I_# subV (4)
KgpL kmpL Ksub
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whereLgp., Lyp. andLg,, are the thicknesses of the coated GDL, the MPL and the carbon
substrate respectively, amg,., kyp, @andkg,, are the gas permeability coefficients for the
coated GDL, the MPL and the carbon substrate, respectively. Clearly one can make use of

Equation (4) to solve for the permeability of the MPL][25

_ LmpL
KvpL = ogpr o )

kgpL  Ksub

As mentioned in Section 2.1, the thickness of the MPL was estimated locally using cross-
section SEM images at as many points as possible in order to have a well-representative value

of the thickness of the MPL, see Figure 8.

3. Results and Discussion

3.1 Through-plane permeability of the carbon substrate

The gas permeability of the carbon substrate used was estimated by fitting the experimental
data of the pressure gradients as a function of the velocity to Eq. (1). Figure 2 shows a typical
pressure gradient-velocity experimental data used to calculate the gas permeability of carbon

substrate.

The average thickness of 30 carbon paper substrate samples was estimated to be about 370 +
40 um. The averaged through-plane gas permeability for the carbon substrate samples was
found to be 1.77 x T¥m?. This value is in good agreement with those reported in the literature

for the same substrate, namely lhonen et al. (1.80%rf) [23], Gostick et al. (3.74 x 10

m?) [33] and Ismail et al. (2.72 x £6m?) [25].
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Fig. 2. Measured pressure gradient asa function of the gas velocity for an SGL
10BA sample. The solid linerepresentsthe curve-fitting line.

3.2 Through-plane gas permeability of MPL-coated GDLs

Figures 3 shows typical SEM images for the surface of the carbon substrate before and after
the MPL coating and 4 shows the experimental data of the pressure gradient as a function of
the nitrogen velocity for the SGL 10BA carbon substrate coated with various carbon loading.

It is evident from Figure 4 that, for a given velocity and regardless of the carbon bldck use
the pressure gradient increases as the carbon loading increases in the MPL. This is clearly due

to the increase in the MPL thickness with increasing carbon loading. The calculated
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permeability values for the MPL-coated GDLs prepared with both carbon blacks used are
shown in Fig. 5. It should be noted that these values are the averaged permeability for six
samples having the same carbon loading. As mentioned in Section 2.2, the percentage of PTFE
in the MPL is fixed at a constant value, namely 20% by weight. As expected, the addition o
the MPL to the base carbon substrate forms as a sandwich whose gas permeability is lower

than that of the base carbon substrate by an order of magnitude.

Further, Fig. 5 shows that the permeability of the GDL coated with Vulcan is higher than that
coated with Ketjenblack at lower carbon loading (i.e. < 1.5 mg)chowever, the difference
in the permeability of both types decreases and becomes almost negligible as the carbon

loading increases.

q = 100 pm
Mag= 100X WD = 100 mm 2000 kV SE1 == =
Width = 3,009 mm H @:‘“ g
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- o ra - - N V9 \ -:7 4 —
Mag= 50X WD=110mm 20,00 KV SE1 200 pr
Width = 6.176 mm H

Fig. 3: Typical SEM imagesfor the surface areas of (a) the carbon substrate, and
(b) the MPL -coated sample. Carbon black used in the scanned image was
Ketjenblack EC-300J.
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Fig. 4: Measured pressuregradient asafunction of the nitrogen gas velocity for the
MPL -coated carbon substrates with various carbon loadingsin the MPL of 20 wt.
% PTFE Ketjenblack carbon black. The samples with Vulcan XC-72R were found
to have similar trends (not shown).
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—— MPL-coated GDL, Vulcan
—&— MPL-coated GDL, Ketjenblack

MPL-coated GDL gas permeability / m®
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(©
Fig. 5 Through-plane gas permeability of the MPL-coated GDLs as a function of carbon

loading. (a) MPL-coated GDLs with Ketjenblack carbon black, (b) MPL-coated GDLs with

Vulcan carbon black and (b) comparison gas permeability between both carbon black types.
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3.3 Through-plane gas permeability of the MPL-coated GDL after sintering

Figure 6 shows the permeability of the MPL-coated GDLs before and after sintering. The
results show that, regardless of the carbon black used in the MPL, the permeability of the
coatedGDLs slightly decreases after sintering. This is most likely due to the ‘spreading effect’

that the sintering has on the MPL material, see Figure 7. In other words, sintering narrows
down the cracks existing in the MPL (due to the above-mentioned spreading effect) and
eventually increases the gas (mass) resistance. In addition, the pore size distribution of the
samples before and after sintering a#elcby the fraction of micropores, mesopores and
macropores of the carbon blacks. In literature it was found that Ketjenblack possess a
significant fraction of micropores (25 % of the total pore volume) in contrast to Vulcan with
only 15 % of the total pore volume [46]. Also, the total pore volume presented in Table 2
reveals that the Ketjenblack to be filled with ionomer and to leads to a decrease in gas
permeability. The MPL coating of the GDL leads to a reduction of the average poréediame
with increasing and to small decrease in total pore volume by indicating that part of the MPL

becomes enriched into the carbon-fibre substrate [26].
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NE 1.8x10™" —m— MPL-coated GDL before sintering, Vulcan
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Figure 6: Through-plane gas permeability of the MPL-coated GDLs before and after
sintering the MPL -coated GDLs.



20

Mag= 150X WD=110mm  2000kV SE1 100 pm
Width = 1.989 mm |_| .@

Figure7. SEM images for the MPL with 1.5 mg cm2 K etjenblack carbon loading
(a) before sintering, and (b) after sintering.
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3.4 Through-plane gas permeability of MPLs

Equation (5) was used to estimate the through-plane gas permeability of the MPLs of the coated
samples. All the parameters required to estimate the permeability of the MPL were determined
as explained in Sections 2.1, 3.1 and 3.2. These parameters are the gas permeability and the
thickness values of both the carbon substrate and Feddated GDL and also the thickness

of the MPL, see Fig. 5 and Fig. 9. In accordance with the procedures adopted in the literature
[25, 33, 36], the MPL thickness has been estimated in this work through the use of cross-
sectioral SEM images of the coated GDLs, see Fig. 8. In order to minimise the distortion of
the through-plane structure of the coated MPL-coated GDLs, they were cooled with liquid
nitrogen before breaking the samples. Fig. 8 shows a typical cross-aegtn image of the
MPL-coated GDL sample. It is clear from the figure that the thickness of the coated MPL is
widely variable. Therefore, in order to have a relatively representative value for the MPL
thickness, the latter was visually estimated at as many locations as possible in order to obtain

the average value that was employethe calculations.
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Figure 8. A typical cross-sectional SEM image for an MPL -coated GDL
with a carbon loading of 2 mg cm™.



MPL-coated GDL thickness / m
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Figure 9. Thethicknessof (a) the MPL -coated GDL and (b) the MPL asa
function of carbon loading.

Fig. 10 shows the permeability values calculated for the MPLs with different carbon loadings.

It shows that the permeability decreases with increasing carbon loading. However, this should
not be the case. Regardless of the carbon loading, the permeability values for the MPLs should
be ideally the same for all the coated samples. This is because of the fact that the compaosition
is the same for all the MPLs: 80% carbon black and®206 PTFE. In other words, the MPL
material does not change as the carbon loading changes and therefore its permeability should

be ideally the same as the latter is an intrinsic property of the material. This signifies that the
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current approach of estimating the MPL permeability, by either using the micrometre or the
cross-section SEM images of the MPL-coated GDLs, appears to lead to rather inaccurate
results. This is most likely due to the significant penetration of the MPL material into the body
of the carbon substrates which sheds more light on the uncertainty in the estimation of the MPL
thickness [21]. The accurate estimation of the permeability of the MPL may be a topic of a

future work.

1.6x10™% 1 —a— MPL, Ketjenblack
T —a— MPL, Vulcan

MPL gas permeability / m?

05 0 15 20 25
Carbon black loading in MPL / mg cm™

Figure 10. The gas permeability of the MPL as a function of carbon
loading.



26

4. Conclusions

The gas permeability of the GDLs coated with MPLs having various carbon loadings has been
experimentally estimated using two types of commonly-used carbon blacks: Ketjenblack and
Vulcan XC-72R, the permeability of the MPL was estimated through the employment of (i)
the measured permeability and thickness of the GDL before and after the MPL-coating, and
(ii) the cross-section SEM images of the coated GDLs to estimate the thicknesses of the MPLs.
The following are the main conclusions: the MPL-coating reduces the permeability of the GDL
by at least one order of magnitude and this is clearly due to the significantly lower permeability
of the MPLs. The permeability of the MPL was found to change significantly with the carbon
loading, despite the use of the invariable weight composition for all the MPLs coated, namely
20% PTFE and 80% carbon black. This is mainly due to the inaccurate estimation of the MPL
thickness using either the micrometre or the cross-setiimages SEM of the coated GDL
which do not account for the penetrating part of the MPL. The MPL sintering was found to
slightly decrease the permeability of the GDL as it appears to narrow the gaps between the
cracks in the MPL. Finally, it should be noted that all of the above findings are applicable to

both the carbon blacks investigated.
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Nomenclature

D Circular diameter / m

K  Permeability / rh

L Thickness of porous medium / m
Q  Volumetric flow rate / Imint

v Velocity / m 3

Greek symbols

u  Fluid viscosity / Pa s

p  Density/ kg
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