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Abstract: The through-plane gas permeability and morphology of PEFC gas diffusion media (GDM)
is investigated for different microporous layer (MPL) ink homogenisation techniques (bath sonication
and magnetic stirring) for low- (Vulcan XC-72R) and high (Ketjenblack EC-300J)-surface-area carbon
powders. The MPL composition is held constant at 80 wt.% carbon powder and 20 wt.% PTFE
for a carbon loading of 1.0 mg cm−2. The MPL ink homogenisation time is held constant at two
hours for both techniques and increased by one hour for bath sonication to compare with previous
investigations. The results show that the through-plane gas permeability of the GDM is approximately
doubled using magnetic stirring when compared with bath sonication for MPLs composed of Vulcan
XC-72R, with a negligible change in surface morphology between the structures produced from either
homogenisation technique. The variation in through-plane gas permeability is almost negligible
for MPLs composed of Ketjenblack EC-300J compared with Vulcan XC-72R; however, MPL surface
morphology changes considerably with bath sonication, producing smoother, less cracked surfaces
compared to the large cracks produced via magnetic stirring for a large-surface-area carbon powder.
An MPL ink sonication time of three hours results in a percentage reduction in through-plane gas
permeability from the GDL substrate permeability by ~72% for Ketjenblack EC-300J compared to
~47% for two hours.

Keywords: PEFC; gas permeability; gas diffusion layer; microporous layer; MPL ink homogenisation

1. Introduction

Polymer electrolyte fuel cells (PEFCs) have gained increasing attention as power
sources in automotive, portable, and stationary applications, due to rapid start-ups at low
temperatures, quiet operation, high efficiencies, and possible zero emissions [1–10]. PEFCs
are limited by the cost, performance, and durability of the device; as such, optimisation
of the cell components is needed to facilitate wider commercialisation [8,10–12]. The gas
diffusion media (GDM) is a crucial component in the membrane electrode assembly (MEA)
of the PEFC, as it facilitates the transport of reactant gases to the catalyst layer (CL) and has
a substantial impact on the efficiency of the cell, as it regulates the heat and water produced
because of the electrochemical reaction [6,9].

The GDM typically consists of a macroporous carbon substrate (referred to as a gas
diffusion layer or GDL) coated with a thin, microporous layer (MPL), which consists of
a mixture of carbon powder and polytetrafluorethylene (PTFE) [6,10,13]. Both the GDL
and MPL are typically hydrophobised with the use of 5–30 wt.% and 10–40 wt.% PTFE,
respectively [14]. GDLs are usually non-woven straight carbon fibre paper, carbon felt-fibre
paper, or woven carbon cloth [10]. The MPL composition is characterised by the type and
loading of the carbon powder and hydrophobic agent used [6].
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The permeability of the GDM is an intrinsic property, which is affected by the pore
size, anisotropy, and tortuosity of the GDL and the MPL [5,13]. Generally, higher gas
permeability would result in improved catalytic activity [5,15]. Accurate values of gas
permeability are essential in describing water saturation profiles of the GDM in PEFC mod-
els [3,4]. Gas permeability is either measured in the through-plane (traverse) or in-plane
(lateral) direction due to the anisotropic nature of the GDL [5,6]. There have been several
experimental investigations into the gas permeability of the GDL and GDM [1–6,16–27];
however, the majority of these focused on commercial GDLs and GDM with the exception
of refs. [3,4,6], where the GDM were prepared by considering the carbon powder type,
carbon loading, and PTFE loading on the through-plane gas permeability. Furthermore,
there have been far less investigations apart from [25], which focused on the MPL ink
homogenisation method on gas permeability and surface morphology of the GDM.

Orogbemi et al. [3,4] concluded that there was a decrease in through-plane gas per-
meability with an increase in carbon loading for GDM prepared on carbon felt-fibre paper
containing 5% PTFE- SGL 10BA. This is, however, not always the case, as shown by Neehall
et al. [6]. Neehall et al. [6] showed that the type of carbon powder (high or low surface
area) used in preparation of the MPL in combination with the base structure (non-woven
straight or carbon felt fibre paper) of the GDL resulted in an increase in through-plane gas
permeability with increased carbon loading for MPLs composed of high-surface-area car-
bon powder coated onto non-woven straight fibre carbon papers such as Toray TGP-H-90.
It was suggested that the porosity of the GDL substrate used impacted the penetration of
the MPL into GDL, depending on the type of carbon powder used. As such, methods of
optimising the structure and composition of the MPL are needed to improve cell perfor-
mance [7]. The ink homogenisation time was kept constant in the preparation of the GDM
in [6].

Zhiani et al. [25] investigated the effect of ink homogenisation of the MPL using four
different techniques: pulse probe sonication, continuous probe sonication, bath sonication,
and magnetic stirring. The in-plane permeability and through-plane resistivity of the
GDM were investigated for MPLs prepared with Vulcan XC-72R carbon powder onto a
Toray TGP-H-60 carbon paper for a constant carbon loading of 1.4 mg cm−2 and a PTFE
loading of 20 wt.%. Zhiani et al. [25] concluded that bath sonication was the most desirable
technique for ink homogenisation as it yielded the highest in-plane permeability and lowest
through-plane resistivity for a compression ratio of 20%. Zhiani et al. [25], however, did
not consider the effect of different structured GDLs onto which the MPL was coated, and
held the time constant at ten minutes for pulse and continuous probe sonication and two
hours for bath sonication and magnetic stirring. The effect of the different homogenisation
techniques was also only investigated for Vulcan XC-72R carbon powder.

To the best of the author’s knowledge, there have been no previous investigations on
the effect of homogenisation techniques on the through-plane gas permeability and surface
morphology of the GDM whilst considering GDM prepared with different surface area car-
bon powders and structured GDLs. In the present study, the effects of two homogenisation
techniques are explored: bath sonication and magnetic stirring. The homogenisation time
of the MPL ink mixture is held constant at two hours and compared with previous results
by the authors to determine the impact of homogenisation time on the through-plane
gas permeability and thickness of the GDM. Two different structured GDLs, non-woven
straight and carbon felt-fibre, were coated and used to investigate the impact of MPL
homogenisation techniques and time on the through-plane gas permeability and thickness
of the GDM. SEM images were used investigate the surface morphology of the MPLs.

2. Materials and Methods
2.1. Materials

Two commercial carbon substrates, SGL 10DA (SGL Carbon GmbH, Meitingen, Ger-
many) and Toray TGP-H-60 (Toray International, London, UK), were used to prepare the
GDM. Two different carbon powders, Vulcan XC-72R (Cabot Corporation, Boston, MA,
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USA) and Ketjenblack EC-300J (AkzoNobel, Amsterdam, The Netherlands), were used to
prepare the MPL. The manufacturer’s data for the GDLs and carbon powders are given in
Table 1. The hydrophobic agent used in the MPL ink preparation was polytetrafluoroethy-
lene (PTFE) with a 60 wt.% aqueous dispersion emulsion (Sigma Aldrich, Gillingham, UK).
Isopropanol (W292907-8KG-K, Sigma Aldrich, Gillingham, UK) was used as a dispersant
for the ink mixture with a ≥99.7% concentration.

Table 1. Manufacturers’ data for the GDLs and carbon powders.

Properties
Gas Diffusion Layer

Toray TGP-H-60 SGL 10DA

Thickness (µm) 190 400
Areal weight (g m−2) - 100

Porosity (%) 78 84 a

PTFE loading (%) 5 20

Properties
Carbon Powders

Ketjenblack EC-300J Vulcan XC-72R

Pore volume (mL/100 g) 310–345 178
Apparent bulk density (kg m−3) 125–145 20–380

Surface area (m−2 g−1) 950 254
Particle diameter (nm) 30 30

a Ref. [28].

2.2. Methods

The carbon loading used in these investigations was held constant at 1.0 mg cm−2 for
an MPL composition of 80 wt.% carbon powder and 20 wt.% PTFE for both carbon powders.
The MPL ink was either sonicated using an ultrasonic bath (Ultrawave U-300H, Ultrawave,
Cardiff, UK) with a power of 35 W or magnetically stirred using a magnetic stirrer (IKA,
Wilmington, NC, USA) with a stirring speed of 1200 rpm. The ink homogenisation time was
kept constant at two hours. The MPL ink was applied to the GDL substrates in a similar
manner as described in Refs. [3,4,6], using a spray gun (Badger 100TM LG, Englewood
Cliffs, NJ, USA). Four sets of GDM were prepared using each type of GDL substrate (two
sets per carbon powder for each homogenization technique). Each set contained four GDL
samples. Two additional sets (one per carbon powder) were prepared using Toray TGP-H-
60 for a bath sonication time of three hours to determine the impact of homogenisation time
on bath sonication. After coating, the GDM were left to dry at room temperature overnight,
prior to gas permeability measurements.

The thickness of the samples was measured before and after the application of the
MPL using a micrometre at four equally spaced locations to provide an average thickness
of the samples. The through-plane gas permeability was measured before and after the
application of the MPL using an experimental setup, shown in Figure 1, from previous
works [2–4,6]. The in-house experimental setup consists of an upper and lower fixture used
to facilitate the nitrogen gas flow through the GDM.

The pressure drop across the sample was determined at eight equally spaced flow
rates controlled by a flow controller (HFC-202 Teledyne Hastings, Norfolk, UK) with a
range of 0.0–0.5 SLPM and differential pressure sensor (PX 653 Omega, Broughton Astley,
UK) with a range of ±12.5 Pa. The through-plane gas permeability was calculated using
Darcy’s law for low flow rates (negligible inertial losses) as follows [3,4,6]:

∆Pg

L
=

µg

kg
ug (1)
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where ug is the superficial gas velocity (ms−1), kg is the gas-phase permeability (m2), µg is
the gas-phase dynamic viscosity (Pa s), ∆Pg is the gas-phase pressure drop (Pa), and L is
the thickness of the sample (m). Further to this, ug can be determined as follows:

ug =
Q

π D2

4

(2)

where Q is the volumetric flow rate (m3 s−1) and D is the diameter of the sample exposed to
gas flow (m) [3,4,6]. The gas permeability of the substrates was determined by curve fitting
the experimental data of the pressure gradient across the substrate to the fluid velocity to
Equation (1).

The surface morphology of the samples was investigated using a scanning electron
microscope (JEOL JSM-6010LA, Tokyo, Japan). In order to determine, explicitly, the impact
of the homogenisation techniques on the surface morphology and thickness, sintering of
the GDM was not considered. It should, however, be highlighted that sintering of the GDM
is typically performed in order to evenly distribute the PTFE within the MPL [3,4].

Figure 1. Schematic representation of the in-house built experimental setup for through-plane gas
permeability measurements. Reprint from ref [2] with permission from Elsevier; Copyright 2011,
International Journal of Hydrogen Energy.

3. Results and Discussion
3.1. Through-Plane Gas Permeability of GDLs

The through-plane gas permeability and thickness of the GDL substrates (listed in
Table 2) used in these investigations were determined initially, before application of a micro-
porous layer onto the substrate. Gas permeability was estimated experimentally by fitting
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the data of the pressure gradients to the fluid velocity to Darcy’s law (Equation (1)). The
listed values represent the mean and 95% confidence interval limits for the gas permeability
and thickness of sixteen of each GDL substrate. Figure 2 illustrates the relationship between
the pressure gradient across the GDL substrates to the fluid velocity used in the estimation
of the gas permeability of the samples, with the error bars representing the 95% confidence
interval. The use of Darcy’s law was justified by the linearity of the pressure gradient to
fluid velocity curve.

Figure 2. Pressure gradient as a function of fluid velocity for the tested GDL substrates [29].

Table 2. Through-plane gas permeability of GDLs investigated and comparison with those reported
in the literature.

GDL Substrates Permeability
(k × 10−12 m2)

Thickness
(µm)

Reported Values of Permeability
(k × 10−12 m2)

Toray TGP-H-60 7.39 ± 0.15 196.88 ± 2.09 8.00 [30]

SGL 10DA 19.64 ± 0.85 350.94 ± 6.78 21.90 [1]

The average values of gas permeability, shown in Table 2, are in good agreement with
those reported in the literature for similar substrates. Figure 3a,b shows the SEM images
of the uncoated non-woven straight and felt-fibre paper GDLs, Toray TGP-H-60 and SGL
10DA, respectively.

3.2. Through-Plane Gas Permeability of Gas Diffusion Media
3.2.1. Effect of Ink Homogenisation Techniques

The through-plane gas permeability of the GDM was investigated and reported in
this section for two carbon powders (Vulcan XC-72R and Ketjenblack EC-300J) and two
ink homogenisation techniques (bath sonication and magnetic stirring) for a constant
homogenisation time of two hours. GDM gas permeability was calculated in a similar
manner to that of the GDL samples using Darcy’s law. Figure 4 illustrates the linear
relationship between the pressure gradient across the GDM as a function of the fluid velocity
for the GDM created using the two homogenisation techniques. As shown in Figure 4a,b
the pressure gradient is higher for samples coated with Vulcan XC-72R, independent of
the GDL structure or homogenisation technique; however, carbon felt-fibre GDMs have a
lower pressure gradient, which is reflected in the increase in gas permeability, as shown
in Figure 5a. Figure 5 shows the comparison of the results of the through-plane gas
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permeability and thickness increase in the GDL substrates after coating the substrates
with two different carbon powders (Vulcan XC-72R and Ketjenblack EC-300J), utilising
two different ink homogenisation techniques in MPL preparation (bath sonication and
magnetic stirring). The error bars represent the 95% confidence interval about the mean for
four samples. The surface morphology of the GDM using the different homogenisation
techniques and structured GDLs are shown in Figure 6.

Figure 3. SEM images of (a) Toray TGP-H-60 and (b) SGL 10DA [29].

Figure 4. Pressure gradient as a function of fluid velocity using two different ink homogenization
techniques for (a) Toray TGP-H-60 and (b) SGL 10DA [29].
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Figure 5. (a) Through-plane gas permeability, (b) percentage reduction in through-plane gas perme-
ability and (c) thickness increase in the GDMs using different carbon powders and homogenisation
techniques [29].



Energies 2023, 16, 5944 8 of 15

Figure 6. Cont.
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Figure 6. SEM images showing the surface morphology of the GDM coated with Vulcan XC-72R
(a,b,e,f) and Ketjenblack EC-300J (c,d,g,h) on Toray TGP-H-60 (a–d) and SGL 10DA (e–h) using bath
sonication (left) and magnetic stirring (right) [29].

As shown in Figure 5a, the through-plane gas permeability of the GDM increases
using magnetic stirring as the homogenisation method, independent of the type of GDL
substrate and carbon powder used. The through-plane gas permeability increases by a
factor of ~2 and 1.5 for MPLs composed of Vulcan XC-72R coated onto Toray TGP-H-60 and
SGL 10DA, respectively, when using magnetic stirring over bath sonication compared to an
increase of ~1.1 for MPLs composed of Ketjenblack EC-300J. In other words, the effects of
magnetic stirring are more apparent for a low-surface-area carbon powder MPL (Vulcan
XC-72R) and have an almost negligible impact on the through-plane gas permeability for a
high-surface-area carbon powder MPL (Ketjenblack EC-300J), as shown in Figure 5b. Zhiani
et al. [25] indicated that magnetic stirring required a longer period of homogenisation, such
that, for a given homogenisation time, magnetic stirring would result in larger aggregates
of carbon and PTFE, which would have resulted in a less compact MPL containing larger
pores, which, subsequently, lead to an increase in through-plane gas permeability. It is
interesting that the increase in through-plane gas permeability due to magnetic stirring is
almost negligible for MPLs composed of Ketjenblack EC-300J, despite the larger surface
cracks shown in Figure 6d,h compared to less cracked, smoother surfaces produced by bath
sonication, shown in Figure 6c,g. Furthermore, there were no discernible differences in the
surface morphologies of the MPLs composed of Vulcan XC-72R for the two homogenization
techniques, despite the higher increase in through-plane gas permeability of the GDM. This
would imply that the change in the size of the aggregates of carbon and PTFE formed within
the MPL, due to magnetic stirring, was larger for low-surface-area Vulcan XC-72R compared
with that of high-surface-area Ketjenblack EC-300J for the two hour homogenisation time,
resulting in the higher increase in through-plane gas permeability. Lastly, larger aggregates
of carbon and PTFE in the MPL ink dispersion due to magnetic stirring, result in an increase
in MPL thickness, as shown in Figure 5c, due to the inability of the aggregates to penetrate
further into the pores of the GDL during the coating process.

It is understandable from the surface morphologies shown in Figure 6 that the through-
plane gas permeability of the GDM, shown in Figure 5a, is much higher for the substrates
coated with Ketjenblack EC-300J, due to the large cracks formed on the MPL surface. The
structure of the GDL plays an influential role in the thickness and morphologies for the
GDM [6]. Namely, due to the lower porosity of Toray TGP-H-60 (around 63% as reported
in [17]) compared to SGL 10DA (84% as reported in [28]), it was clearly shown that (for
MPLs composed of Vulcan XC-72R) the aggregates of carbon and PTFE coated the surface
of Toray TGP-H-60 completely (Figure 6a) and the surface of SGL 10DA partially (Figure 6e).
As such, it would have been expected that the thickness increase in Toray TGP-H-60 would
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be higher than that of SGL 10DA, as seen in the case with Ketjenblack EC-300J. This is,
however, not the case, as shown in Figure 5c, where the GDM composed of Vulcan XC-72R
coated onto SGL 10DA is relatively similar to that of Toray TGP-H-60 for both techniques.
Neehall et al. [6] reported a thickness increase of ~14–16 µm for SGL 10CA and SGL 10EA
coated with Vulcan XC-72R for a carbon loading of 1.0 mg cm−2 and ~8–10 µm for Toray
TGP-H-90 and Toray TGP-H-120, respectively, for an MPL ink sonication time of three
hours. It was expected, as discussed in the subsequent section, that a decrease in ink
homogenisation time would increase the size of the aggregates resulting in a thicker GDM.
As shown in Figure 5c, SGL 10DA increases by ~17 µm and Toray TGP-H-60 increases
by 15 µm when coated with Vulcan XC-72R for an MPL ink sonication time of two hours.
The change in thickness (compared with previous results) is, therefore, higher for the
lower porosity GDL (Toray TGP-H-60), as expected, and highlights the importance of
homogenisation time, which is discussed in the subsequent section.

3.2.2. Impact of Homogenisation Time

The results from the previous section were compared with those reported in Ref. [6] for
GDM comprised of similarly structured GDLs and carbon powders. The MPL composition
was kept constant in both studies at 80 wt.% carbon and 20 wt.% PTFE for a carbon loading
of 1.0 mg cm−2. It should be noted that the MPL ink slurry used in the coating process in
Ref. [6] was homogenised using bath sonication for a period of three hours. Figure 7 shows
the comparison of the results. The error bars represent the 95% confidence interval about
the mean.

Figure 7. Comparison of the percentage reduction in gas permeability from the original GDL substrate
for Toray TGP-H-60, SGL 10DA and other GDM materials reported in [6] for a carbon loading of
1.0 mg cm−2 [29].

Neehall et al. [6] indicated that GDLs of a similar structure showed predictable reduc-
tions in through-plane gas permeability, regardless of the carbon loading, when coated
with an MPL, for a given carbon powder. As such, it was expected that the reduction in gas
permeability for Toray TGP-H-60 would be similar to that of Toray TGP-H-90 and Toray
TGP-H-120, and SGL 10DA to fall within a range between SGL 10CA and SGL 10EA for
both carbon powders. For carbon felt-fibre paper GDLs, such as SGL 10DA, the results
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show predictable reductions in gas permeability for both carbon powders, despite the
difference in homogenisation time used in the two investigations. The percentage reduction
in gas permeability for SGL 10DA coated with Ketjenblack EC-300J is slightly lower (65%)
than the range of 67–69% (SGL 10CA and SGL 10EA, respectively), which is the result of the
lower homogenisation time. Furthermore, the difference in homogenisation time for MPLs
composed of Vulcan XC-72R does not have any significant effect on the reduction in gas
permeability for the two structured GDLs used. As such, an increase in ink homogenisation
time would be expected to have an insignificant effect on the percentage reduction in gas
permeability for GDM composed of a MPL containing Vulcan XC-72R.

The percentage reduction in through-plane gas permeability from the original substrate
is, however, significantly lower (47%) for Toray TGP-H-60 compared to Toray TGP-H-90
(66%) and Toray TGP-H-120 (68%) when coated with Ketjenblack EC-300J. Figure 8 shows a
comparison of the gas permeability, percentage reduction in through-plane gas permeability
from the original substrate for Toray TGP-H-60 coated with Vulcan XC-72R and Ketjenblack
EC-300J, and thickness increase in the samples between ink homogenisation times of two
and three hours. Investigations of homogenisation time were not performed for SGL 10DA
due to unavailability of samples; however, based on the results shown in Figure 7, it is
expected that an increase in homogenisation time by one hour would have an insignificant
effect on the reduction in through-plane gas permeability for both carbon powders, due to
the higher porosity of SGL 10DA compared with Toray TGP-H-60. Figure 9 shows the SEM
images for Toray TGP-H-60 coated with Vulcan XC-72R and Ketjenblack EC-300J for an ink
homogenisation time of three hours.

The surface morphology shown in Figure 9a,b indicates that the increase in homogeni-
sation time of one hour results in smoother, less cracked MPL structures when compared
with those of Figure 6a,c for both carbon powders, which is reflected by the reduction
in through-plane gas permeability. Furthermore, the increase in homogenisation time
of one hour greatly reduced the frequency of cracks on the MPL surface for the GDM
composed of Ketjenblack EC-300J, which would account for the considerable reduction in
gas permeability between the two- and three-hour ink homogenisation times. As such, the
homogenisation time should be considered for high-surface-area carbon powders, such as
Ketjenblack EC-300J, during the preparation of the MPL ink mixture. Lastly, as shown in
Figure 8c, the increase in ink homogenisation time results in lower thickness increases for
both carbon powders, which suggests that, similar to the type of homogenisation technique
used, the time influences the size of aggregates of carbon and PTFE in the MPL ink. Lower
homogenisation times resulted in larger aggregates of carbon and PTFE, which were unable
to penetrate the pores of the GDL, resulting in an increase in thickness of the GDM.

Figure 8. Cont.
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Figure 8. Comparison of the effect of ink homogenisation time using bath sonication on the
(a) through-plane gas permeability, (b) percentage reduction in gas permeability of the GDM from
the original substrate, and (c) thickness increase for Vulcan XC-72R and Ketjenblack EC-300J carbon
powders [29].

Figure 9. SEM images showing the surface morphology of Toray TGP-H-60 coated with (a) Vulcan
XC-72R and (b) Ketjenblack EC-300J for MPL ink homogenisation time of three hours [29].
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4. Conclusions

The through-plane gas permeability, thickness, and surface morphology of the GDM
using two different structured GDLs were investigated for MPLs derived from two different
ink homogenisation techniques: (i) bath sonication and (ii) magnetic stirring. The impact
of homogenisation techniques on different surface area carbon powders (Vulcan XC-72R
and Ketjenblack EC-300J) was investigated for a carbon loading of 1.0 mg cm−2 and an
MPL composition of 80 wt.% carbon powder and 20 wt.% PTFE. The results of the MPLs
derived from bath sonication were compared with previous investigations by the authors,
to determine the impact of the MPL ink homogenisation time on the through-plane gas
permeability, thickness, and surface morphology of the GDM. The following are the main
conclusions:

• Bath sonication produced MPLs with a smoother surface and less cracks when com-
pared with the surface morphology produced using magnetic stirring for a high-
surface-area carbon powder (Ketjenblack EC-300J). There were no discernible differ-
ences in the surface morphology between the two homogenisation techniques for a
low-surface-area carbon powder (Vulcan XC-72R);

• Magnetic stirring resulted in an increase in through-plane permeability by a factor of
1.5 to 2 for MPLs composed of Vulcan XC-72R when coated on SGL 10DA and Toray
TGP-H-60, respectively. The resulting increase in through-plane gas permeability was
attributed to larger aggregates of carbon and PTFE being formed due to the technique
used. The homogenisation technique also influenced the thickness of the MPL, where
magnetic stirring resulted in thicker structures independent of the GDL substrate;

• The impact of magnetic stirring is more apparent on the through-plane gas permeabil-
ity for low-surface-area carbon powder (Vulcan XC-72R) and on the surface morphol-
ogy of high-surface-area carbon powder (Ketjenblack EC-300J);

• Carbon felt-fibre paper (SGL 10DA) GDM showed predictable reductions in through-
plane gas permeability for the two carbon powders when compared to previous
investigations for SGL 10CA and SGL 10EA, despite a decrease in bath sonication
time of one hour. This was attributed to the higher porosity of the carbon felt-fibre
paper GDL;

• MPL ink sonication time of three hours resulted in a percentage reduction in through-
plane gas permeability from the GDL substrate permeability by 72% for high-surface-
area carbon powder (Ketjenblack EC-300J) compared to 47% for a two-hour sonication
time; there was a negligible difference in the percentage reduction in through-plane
gas permeability between the two bath sonication times for MPLs composed of low-
surface-area carbon powder (Vulcan XC-72R).

The results of the investigations in this study reveal how significant MPL properties
are influenced by the type of carbon powder, homogenisation technique, and time required
to produce a well-dispersed ink mixture. Furthermore, the results presented in this investi-
gation show that the GDL structure, carbon powder type, and homogenisation technique
and time can be adjusted to achieve a desirable GDM structure. The findings presented in
this study will serve as a foundation for future research aimed at exploring the effects of
cracks in the MPL on PEFC performance. While it is anticipated that the MPL with higher
through-plane gas permeability will lead to improved fuel cell performance, experimental
verification is still required to confirm this hypothesis.
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