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Abstract: Hydrogen production through electrolysis using renewable resources is highly promising
for reducing greenhouse gas emissions. While significant efforts have focused on developing more
efficient and cost-effective catalysts to lower hydrogen production costs, catalysts are not the primary
expense in electrolyzer fabrication. In the case of Proton Exchange Membrane Water Electrolyzers
(PEMWES), other components—such as the proton membrane, gas diffusion layer (GDL), and bipolar
plates—contribute more to overall costs. To explore this, a study was conducted on the performance
of PEMWEs with various carbon paper GDLs, developed in the lab, on the cathodic side. This
study examined how properties like electrical conductivity, porosity, and gas permeability affect
performance. These findings emphasize the need to optimize components beyond catalysts to
improve the cost-effectiveness of hydrogen production through electrolysis.
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1. Introduction

The increasing emissions of greenhouse gases and the economic challenges stemming
from global fossil fuel shortages have positioned electrolytically produced hydrogen as
a promising and efficient solution to both issues [1]. Among the available technologies,
Proton Exchange Membrane Water Electrolysis (PEMWE) is particularly attractive for
sustainable hydrogen production [2]. However, one of the major barriers hindering the
widespread adoption of this technology is the high production cost of hydrogen, especially
when compared to the more conventional method of hydrogen production via natural
gas reforming.

Much of the current research has been dedicated to the development of more cost-
effective catalysts for electrolyzers, largely because these systems often use rare and noble
metals like iridium, ruthenium, and platinum, which are both scarce and expensive. Im-
proving the redox morphology of these precious metals to enhance their electrocatalytic
properties has been a major area of focus in research [3-6].

However, while catalyst development is crucial, it is important to note that the overall
impact of catalyst cost on the total capital cost of an electrolyzer is relatively modest.
Other components, such as titanium bipolar plates, interconnectors, proton exchange
membranes, and gas diffusion layers (GDLs or PTLs), significantly contribute to the overall
cost. Therefore, a comprehensive cost-reduction strategy, addressing all components, is
necessary to enable the widespread adoption of hydrogen production via electrolysis [7].

Focusing on the gas diffusion layer (GDL), these components play a critical role in the
electrolyzer’s core by requiring high electrical conductivity, high porosity, and chemical
stability under electrolyzer operating conditions. Recently, there has been considerable
interest in enhancing these properties to optimize GDL performance in electrolyzers [8-10].
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Various experimental and theoretical studies have investigated the effects of pore distribu-
tion on GDL performance. For instance, Zhang et al. [11] demonstrated that hydrophobicity
and pore gradient distribution affect proton electrolyte membrane fuel cells (PEMFCs) and
proton electrolyte membrane water electrolyzers (PEMWEs) differently. While hydrophobic
GDLs improve PEMFC performance, hydrophilic GDLs enhance PEMWE performance.
Another critical property is pore tortuosity, which limits optimal GDL performance by
restricting the movement of bubbles and water inside the GDL [12].

Traditionally, carbon paper GDLs have been excluded from the anode side of elec-
trolyzers due to chemical instability caused by oxidation of the carbon material [11]. This
has led to the prevalent use of titanium GDLs, especially for the anode side [11]. Despite
the different operational requirements of the anode and cathode, many electrolyzers are
symmetrically assembled using titanium GDLs on both sides [2,7].

In this study, we examine the performance of various carbon paper GDLs on the cath-
ode side of a single-cell proton exchange membrane electrolyzer (PEMWE). These GDLs
were fabricated in our laboratory following established procedures [13], using different nat-
ural fibers that impart varying properties such as electrical conductivity, gas permeability,
and pore distribution. An ex-situ characterization of these cathodic GDLs was conducted.
The results show that by varying the type of natural fiber used in GDL fabrication, we can
manipulate the pore distribution profile of the GDLs. This adjustment of pore distribution
and tortuosity plays a crucial role in electrolyzer performance, outweighing the influence of
electrical conductivity. Additionally, the adoption of these innovative carbon-paper GDLs
led to a significant cost reduction of 45% in the electrolyzer assembly, particularly when
compared to the use of titanium GDLs on both the cathode and anode sides.

2. Experimental
2.1. GDL Preparation

The GDLs used in this work were prepared following the same procedure that was
described elsewhere [13]. With the objective of producing GDLs with different porous
morphology, two different natural fibers were used to prepare the GDLs: cotton fibers
and esparto grass fibers. Thus, due to the different structures of both fibers, such as can
seen in Figure 1, GDLs with different porous morphology were generated during their
fabrication process.

Figure 1. TEM images of The two different fibers used in this work are cotton fibers (b) and esparto
grass fibers (a). The esparto grass fibers exhibit a linear, wire-like structure, in contrast to the branched,
more intricate structure of the cotton fibers
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In this sense, two different GDLs were prepared, corresponding to the cotton GDL
(GDL-c) and esparto GDL (GDL-e). Those GDLs were compared with a titanium-felt GDL-
Ti, provided by Hydrogreen Energy S.L. (www.hydrogreenergy.com, accessed on 1 July
2023).

Figure 2 shows the SEM images of the three GDLs studied in this work. Thus, Figure 2
shows the different morphology existing between GDL-Ti and the two GDLs fabricated
using natural fibers. From the images of Figure 2, we see the evident different morphology
existing between the GDL-Ti and the other two GDLs.

Figure 2. SEM images of the four types of GDL used in this study: (a) GDL-Ti, (b) GDL-c, and
(c) GDL-e. For further information, see the text.

2.2. Electrodes Preparation

For electrode preparation, two different inks were generated. The anodic catalyst ink
was prepared with 0.32 g of Black iridium, 5 mL 2-propanol, 0.016 mL epoxy containing
700 ppms of graphene, and 1.5 mL of Nafion solution 5% (Alfa Aesar, Haverhill, MA, USA).
The cathodic catalyst ink was prepared with 0.32 g Pt/C 20%, 7 mL 2-isopropanol, 1.5 mL
of Nafion solution 5% (Alfa Aesar), and 0.016 mL epoxy with 700 ppm of graphene. Since
both catalytic inks were prepared, they were subjected to ultrasound for 1 h and then stirred
for 24 h before use.

Once the catalytic inks were ready for use, the catalyst was deposited onto a silicon
paper, generating a thing catalyst layer. Next, the catalyst layer was transferred to the
membrane by a hot-press procedure at 130 degrees Celsius and 106 kg/cm? for 3 min.
Thus, a final catalyst concentration of 2.5 mg/cm? of Black iridium on the anode side and
0.8 mg/cm? platinum on the cathode side was obtained.
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Finally, the MEAs were generated by hot-press of the three different GDLs on the
catalyst layers under analog hot-press conditions than the described above.

2.3. Electrolyzer

A single-cell electrolyzer was studied. In this regard, Figure 3 shows the elements that
compose the single cell. In this regard, both plates and the big mesh were of titanium. An
additional stainless mesh was added to the cathode side to improve the electric contact
with the GDL. Finally, an image of the MEA prepared following the above procedure was
included in Figure 3.

In this regard, the electrolyzer was coupled to an external heater to maintain a constant
temperature of 80 degrees Celsius in the cell.

3 - .
Cathode plate Anode plate

Mesh A el

Figure 3. Single-cell electrolyzer components and MEA. Cathode and anode plate were fabricated in
titanium. A stainless mesh was additionally used on the cathode side of the electrolyzer.

3. Results and Discussion
3.1. GDL Porosity

GDLs play a crucial role regulating the flux of water and gases from and to the catalyst
face in a PEMWE. In this regard, the pore diameter and pore distribution function are
going to affect the flux of water and gases by the dimensions of the pore diameters. Thus,
the response of the electrolyzer is going to be modulated by the pore distribution in the
electrolyzer. In this context, Figure 4 shows the pore distribution functions of the three
different GDLs studied in this work.
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Figure 4. Pore distribution function of the GDLs measured with mercury porosimetry.

Figure 4 shows the clear difference in pore distribution between the commercial
titanium felt and the other three GDLs produced with different natural fibers. In this
regard, the maximum of the pore distribution functions of the titanium felt GDL is around
25 um, which contrasts with the value of 68 um for the other two GDLs. In this regard,
Table 1 shows the porosity and mean pore diameter of the GDLs studied in this work.
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Table 1. Porosity and pore diameter determined by mercury porosimetry.

GDL GDL-Ti GDL-c GDL-e
Porosity (%) 59 76 81
Pore diameter (4V/A) (um) 25 14.8 18.2

Table 1 shows that GDLs fabricated with natural fibers provide high porosity to the
GDL. Furthermore, the presence of esparto fibers in the GDL composition enhances the
porosity in the GDL, which is associated with the nature of its fiber topology in comparison
with the cotton fibers that are more branched. This difference in the fiber topology is
translated to a variation in the GDL porosity, passing from a mean pore diameter of
14.8 um in the GDL-c to 18.2 um for the GDL-e, which represents an increase of 23% in the
pore diameter. In line with this result, the presence of esparto grass fibers also increased the
porosity of the GDL in a 6.5%. Thus, by the proper selection of the natural fiber used for the
GDL preparation, we are able to generate different GDLs with different pore morphologies.

3.2. GDL Permeability

The permeability of the GDLs to gases is a property that is narrowly related to its pore
morphology [13]. In this regard, although this property is in part related to the net porosity
of a gas diffusion layer, this is only partially true because the gas permeability is mainly
associated with the pore morphology, while porosity is related to the void volume inside
the GDL. In our case, the permeability was measured using the Giirley method, such as
described in the UNE Norm 57066-3:2003. [14] Thus, the permeability of the three GDLs
studied were 12.5, 21.9, and 31.5 cm/s for the GDL-c, GDL-e, and GDL-Tj, respectively. In
this regard, we observe how the type of natural fiber employed in the GDL preparation
greatly modifies the permeability of the two GDLs generated with natural fibers.

3.3. Electrical Conductivity

A gas diffusion layer presents an anisotropic structure due to the different orientations
of the fibers in and through the plane. Hence, two electrical conductivities must be specified
to characterize its electrical conductivity. The electrical conductivity in the plane was
measured using the linear four points method, with a distance of 5 mm between two
consecutive points. This method consists of determining the potential difference between
two points due to the application of an electrical current between the other two, maintaining
constant the distance between consecutive points [15,16]. Thus, the electrical resistivity in
the plane can be measured as follows [15]:

it 'V
Pin =157 1
where t is the sample thickness, I the electrical current applied between the two external
points, and V the electrical potential measured between the other two points. Hence, the
electrical conductivity, 0;,, can be obtained as follows:

1
Oin = E 2)
where 0;, is expressed in S/m.
The through-plane electrical resistivity, pr, was obtained from Equation (3) ([17]):

_pr-!
Ry == 3)

where R is the electrical resistance of a sample confined between two copper plates with
a golden bath, under a pressure of 10 kg/cm? and measured with a miniOhmeter BK-
Precision BA6010 at 1 kHz, p7 is the resistivity expressed as Ohms.cm, A is the transversal
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surface, and / the sample thickness. Thus, the through-plane conductivity, o, corresponds
to the inverse of pr, o7 = piT, and its units are S/cm.

Table 2 shows the electrical conductivities of the three GDLs studied. In general, we
see, as in line with the expected, that an increase in porosity introduces a diminishing in
the electrical conductivity. Thus, as a consequence of the increase in porosity of the GDL-e
with respect to the GDL-c, a diminution in the electrical conductivity was measured both
in and through the plane. Obviously, due to the metallic nature of the GDL-Tj, its electrical

conductivity is much higher than that obtained in both GDLs with natural fibers.

Table 2. In and through the plane electrical conductivity.

Conductivity GDL-Ti GDL-c GDL-e
T (S/m) 188,721 £ 3500 6740 £ 690 6973.2 & 400
or (45 kg/cm?) 1.628 £ 0.006 411 +0.05 1.51 £0.02
or (76 kg/cm?) 1.425 £ 0.004 475+ 0.15 2.16 +0.04
or (106 kg/cm?) 1.231 £ 0.003 511+0.14 2.72 £0.08

3.4. Hydrophobicity

GLD plays an important role in the electrolyzer evacuating the oxygen and hydrogen
generated during the redox process on the catalyst surface, connecting the catalyst to the
external source, and distributing the water on the anode catalyst surface. Hence, it seems
obvious that hydrophobicity, together with the porosity of the GDL (properties that are
related each other [18]), are key properties for water managing in a PEME [19].

Figure 5 shows the contact angle of a water droplet with the surface of the three GDLs.
From the contact angle, we see how both GDLs fabricated with natural fibers show a contact
angle of around 140 degrees in comparison to the 60 degrees of the GDL-Ti. That result
evidences a clear difference in hydrophobicity between both GDLs with natural fiber, in
comparison with the hydrophilic behavior of the GDL-Ti. Hence, in this sense, it seems that
the hydrophobicity of the GDLs, together with their porosity (properties that are related
to each other in a certain way [18]) are two critical properties for managing the water and
gases generated inside the electrolyzer [19].

GDL-c

GDL-e

GDL-Ti

Figure 5. Contact angle of a water droplet on the surface of the three GDLs studied in this work:
GDL-c with cotton fibers, GDL-e with esparto fibers, and GDL-Ti titanium-felt.
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3.5. Polarization Curves

Figure 6 provides information of the polarization curves of the three electrolyzers with
different GDLs on the cathode side. Thus, from such figures, we observe how the GDL-e
provides the best performance of the three GDLs studied.
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Figure 6. Polarization curves corresponding to the three different electrolyzers assembled with the
three different cathodic GDLs studied in this work.

Thus, from Figure 6, we see how the electrolyzer containing a GDL-Ti shows similar
performance to the electrolyzer with a GDL-c, in spite of the excellent electrical conductivity
and permeability of the GDL-Ti. This difference is even more notable when the performance
of the electrolyzer with a GDL-Ti is compared with the corresponding GDL-e.

4. Conclusions

The new gas diffusion layers made from natural fibers showed a competitive advan-
tage over the use of high-cost titanium mesh layers, without losing electrolyzer performance.
In this sense, we demonstrated that an optimal pore distribution in the cathodic gas diffu-
sion layer plays an important role in the final electrolyzer response, this property being
even more critical than electrical conductivity in a GDL for optimal PEMWE performance.

The results depicted in this work emphasize the benefits of using natural fibers for
gas diffusion layers (GDLs) in proton exchange membrane water electrolyzers (PEMWEs),
such as we enumerate below:

1.  Sustainability and Cost Reduction: Using natural fibers in GDLs is presented as a
more sustainable and cost-effective solution compared to traditional materials, partic-
ularly expensive titanium mesh layers. This addresses one of the major challenges in
electrolyzer fabrication: high production costs.

2. Performance Maintenance: The results indicate that these natural fiber-based GDLs
maintain comparable performance to traditional titanium layers. This is an important
finding because it suggests that the cost reduction does not come at the expense of
efficiency or effectiveness.

3. Pore Distribution vs. Electrical Conductivity: This study suggests that the pore
distribution within the GDL plays a more crucial role than its electrical conductivity for
achieving optimal PEMWE performance. This highlights the importance of designing
GDLs with the right pore structure to ensure efficient gas diffusion and overall
electrolyzer operation.

Overall, this work advocates for natural fiber GDLs as both a competitive and envi-
ronmentally friendly alternative in PEMWE technology, with optimized pore distribution
being key to their success.
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