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ABSTRACT

Proton-exchange-membrane fuel cells (PEMFCs) offer a long-term, carbon-emission free solution to the energy needs of the transportation sector.
However, high cost continues to limit PEMFC commercialization. Replacing expensive platinum group metal (PGM) catalysts with PGM-free cat-
alysts could reduce cost, but the low active site density of PGM-free catalysts necessitates the use of thick electrodes that suffer from substantial mass
transport losses. In these thick PGM-free electrodes, effective water management and oxygen transport are crucial to achieve high performance. In
this work, we investigate the role of anode and cathode gas diffusion layer (GDL) configurations in controlling water management. Asymmetric GDL
configurations, in which the anode GDL exhibits higher permeability than the cathode GDL, showed higher performance compared to conventional
symmetric configurations. Computational modeling showed that the improved performance is mainly due to improved water management, resulting
in lower liquid water saturation and faster oxygen transport in the cathode.

1. Introduction

Proton exchange membrane fuel cells (PEMFCs) are an emerging technology that can help decarbonize the transportation sector.
With high energy density and power density, short refueling time, long range, and emission-free operation, PEMFCs have already
shown promise in the automotive industry. However, the high cost of PEMFCs is a barrier to widespread commercialization. Cost
estimates at high volume production indicate that platinum group metal (PGM) based catalysts account for about 40 % of the PEMFCs
stack cost [1]. Hence, substantial research is in progress to reduce the cost by reducing the amount of PGM catalyst used or replacing
the PGM-based catalyst with a low-cost PGM-free catalyst synthesized from earth-abundant transition metals (e.g., Fe, Co, Mn).

In recent years, significant improvement in kinetic activity of PGM-free catalysts [2-5] has led to achieving the DOE kinetic target
for PGM-free catalysts [6,7]. With continuous efforts, PGM-free catalysts are advancing rapidly and could ultimately provide oxygen
reduction reaction (ORR) performance similar to that of Pt/C catalysts, which would make them a low-cost alternative for fuel cell
applications [6-12]. Despite significant improvement in kinetics, the low active site density of PGM-free catalysts necessitates the use
of high catalyst loadings, resulting in thick electrodes (>100 pm) [13]. As a result, PGM-free electrodes suffer from severe mass
transport losses. Hence, minimizing these transport losses is crucial step on the path to widespread adoption of PGM-free catalyst. One
of the major mass transport resistances in these thick electrodes is due to the slow oxygen transport. The high thickness and low active
site density of PGM-free catalyst layers (CLs) make them prone to flooding, which significantly impedes oxygen transport to active
sites. Hence, improved water management is needed to avoid flooding and enhance oxygen transport [14].
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A detailed understanding of oxygen and water transport phenomena is required to enable significant improvements in PGM-free
fuel cell performance. The morphology of the PGM-free catalyst layer and GDL has a substantial impact on the mass transport
mechanism. Among the electrode characteristics, ionomer loading, ionomer equivalent weight, catalyst layer porosity, catalyst particle
size, shape, and mass loading are critical to mass transport [15-20]. GDL substrate and MPL properties also have a significant impact
on oxygen and water transport. GDLs containing MPLs are used to evenly distribute the reactants from the flow field to the electrode,
transport water (in both liquid and vapor phases), provide an electron conduction pathway, and provide effective contact with the
catalyst layer. The GDL substrate is typically ~200 pm thick carbon fiber paper or carbon felt with a wide range of pore sizes [21,22].
The MPL is typically around 30-50 pm thick, comprising carbon nanoparticles and fluoropolymer binder, and less porous compared to
the GDL substrate [23]. In conventional GDLs, both the substrate and the MPL are typically wetproofed using fluoropolymers.

Water management in PEMFCs is a complex phenomenon. As water is generated in the cathode, effective water removal is needed
to avoid flooding and maintain open pathways for oxygen diffusion. Tailoring the properties of both GDLs and MPLs can enhance water
management, providing balanced water saturation for ionomer hydration while still maintaining effective oxygen transport. Different
types of GDLs and MPLs having different physical and chemical properties are now commercially available from OEMs such as SGL
Carbon, Freudenberg, etc. Based on the operating condition (dry or wet), and MEA fabrication method (CCM or GDE), different kinds
of GDLs and MPLs are suitable [21-28]. For example, in dry conditions, GDLs with low porosity are advantageous because they retain
more water and keep the membrane hydrated [27]. Introduction of hydrophilic agents or hydrophilization of the GDL has also been
shown to increase membrane hydration in dry conditions [14,25,26]. At higher humidity, the use of carbon nanotubes (CNTs) in MPLs
has been shown to be effective to provide preferential transport pathways for water and oxygen [29,30]. GDLs can also be physically
modified to have slits or perforations that provide low capillary pressure pathways for liquid water transport [25,31]. Physical
modifications of GDLs have some drawbacks, such as increased HFR due to decreased contact area between the catalyst layer and
GDLs, change of optimized properties of commercial GDLs due to the fabrication process, durability issues associated with crack
formation in the MEA due to strain at the edges of slits or perforations, and extra costs related to the process. Considering consistency,
durability, availability, and cost effectiveness of commercial GDLs, in this study, we report a passive approach that utilizes commercial
GDLs with different permeability in the anode and cathode for better water management in thick PGM-free electrodes. A 2D, steady
state, multiphase, and multiphysics model was also used to study the behavior of PEMFCs with different asymmetric GDL configu-
rations. Both experimental and modeling data showed that, for cells with a low permeability GDL in the cathode, cell performance
improved as anode GDL permeability increased. This enhanced performance is due to lower liquid saturation and improved transport
in the cathode. In contrast, when a highly permeable GDL was used for the cathode, the effect of anode GDL permeability was found to
be minimal.

2. Experimental methods
2.1. Materials

Nafion™ 211 (Ion Power, Delaware, USA) membrane was used for all MEAs. Commercially available PGM-free catalyst (PMF
0011904 lot 1220, Pajarito Powder LLC, New Mexico, USA) and 20 wt% Pt/C (TEC10V20E, TKK, Japan) was used for the cathode and
anode, respectively. Nafion™ D2020 (Ion Power, Delaware, USA) and Aquivion® D72-25BS (Sigma-Aldrich) ionomers were used in
the anode and cathode, respectively. PTFE gaskets were chosen to control the compression of the GDLs. Freudenberg GDLs used in this
study are listed in Table 1. As the primary goal of this work was to study water management due to the permeability change of GDLs,
we chose the GDLs in such a way that parameters other than the Gurley number had minimal variation. The Gurley number represents
the time it takes for a given volume of air to flow through a porous medium under a given pressure. The Gurley number listed in the
Freudenberg specification data sheet is based on the ISO 5636-5 standard, which is a method used to determine the permeability. This
test measures the time required for a specific volume of air to pass through a known area of a porous medium under a specific pressure
differential. The most permeable GDL used was H15C14, which has a Gurley number of 0.6 s, compared to 70 s for the least permeable
GDL, H14C10. All GDLs included similar substrates but different MPLs. Top view scanning electron microscopy (SEM) images of the
MPL morphologies are shown in Fig. S1, while cross-sections of the GDLs are shown in Fig. S2. It is crucial to understand that the
Gurley number, a measure of gas permeability, does not provide direct insights about liquid transport or diffusion transport properties.
The methodology behind the Gurley number is based on convective gas flow and is significantly influenced by the pore size distri-
bution, while liquid transport depends on factors like contact angle, and diffusion transport depends on porosity and tortuosity. In fuel
cells, all these transport mechanisms occur simultaneously. While the Gurley number primarily indicates convective transport through
a porous medium, it can also provide some insight into diffusion processes, though indirectly, as lower Gurley numbers (higher

Table 1
Properties of GDLs used in this study [32,33].
GDLs Gurley number (s) Thickness (pm) Area weight (g/mz) Through plane area-specific electrical resistance(mQ-cm?)
H15C14 0.6 191 91 7.3
H14Cx653 15 185 94 6
H14C9 30 180 100 7
H14C7 50 175 100 6
H14C10 70 170 97 5
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permeability) correspond to larger pore sizes, lower tortuosity, and higher porosity, all of which can facilitate enhanced diffusion.
Therefore, the Gurley number should be considered as an indicator of relative permeability differences between the GDLs used in this
study, but it does not fully capture the complexities of multiphase transport phenomena in fuel cells. Contact angle measurements
showed little variation between the different GDLs (Fig. S2f), with an average angle of 140° (ranging from 131° to 144°). This suggests
that the differences in Gurley number had a larger impact than the differences in contact angle in explaining the observed performance
differences between the GDL configurations investigated.

2.2. MEA fabrication

Cathode catalyst inks were prepared with a solvent-to-ionomer mass ratio of 60. The solvent mixture was prepared with a 1:1 mass
ratio of isopropanol and deionized water (18.2 mQ cm). The required amount of Aquivion® D72-25BS was added to yield an ionomer
to carbon ratio of 0.6. The ink was sonicated for 2 h in a bath sonicator while the temperature was maintained below 30 °C. Anode
catalyst inks were prepared using nPA/water mixtures (4:3 by volume) as a solvent. The required amount of Nafion™ D2020 was
added to yield an ionomer to carbon ratio of 0.5.

The MEA was fabricated with two separate ultrasonic spray coaters (Sono-TEK, Milton, NY) to avoid Pt contamination on the
cathode. First, PGM-free catalyst was sprayed on one side of the membrane. The loading was measured by weighing the MEA before
and after coating. The MEA was dried at 100 °C for 30 min before weighing. The loading of PGM-free catalyst was 6 + 0.5 mg cm 2.
After finishing the cathode fabrication, the anode was sprayed at a loading of 0.1 mg cm ™2 Pt, confirmed by X-ray fluorescence
spectroscopy.

We tested 8 GDL configurations in this study, which were organized into two groups (Table 2). The first group included four
configurations in which the cathode was fixed with the lowest permeability GDL while the anode GDL permeability was varied. The
second group included four configurations in which the cathode GDL was fixed with the highest permeability GDL while the anode GDL
was varied.

2.3. Cell assembly and testing

A commercially available fuel cell hardware (Fuel Cell Technologies, Albuquerque, NM, USA) with a custom flow-field containing
14 straight parallel channels was used for each test. Fabricated MEAs were assembled with 5 cm? active area using the GDL combi-
nations shown in Table 2. The thickness of the PTFE gaskets was chosen to maintain ~25 % compression considering the total thickness
of GDL and catalyst layers. Also, to avoid excessive stress on the membrane, PTFE gaskets were placed proportionally to the thickness
of the anode and cathode. Fuel cells were tested using a commercial test station (850e, Scribner Associates Inc., Southern Pines, NC).
Electrochemical impedance spectroscopy (EIS) was measured using a BioLogic SP-240 potentiostat. First, the cell was heated to 80 °C
with 500 sccm of N at 50 % RH flowing over the anode and cathode for 2 h to hydrate the membrane and ionomer. Polarization curves
and EIS were measured under different relative humidity with 1000 sccm of Hy and 2000 sccm air on the anode and cathode,
respectively. Tested conditions were (1) anode 50 % RH, cathode 50 % RH, 150 kPaa; (2) anode 100 % RH, cathode 100 % RH, 150
kPaa; (3) anode 100 % RH, cathode 100 % RH, 250 kPaa; and (4) anode 100 % RH, cathode 150 % RH, 150 kPaa. All cells were tested
from lower humidity to higher humidity, and between each condition, 500 sccm of Ny was purged on both sides for 1.5 h to equilibrate.
EIS was performed at 0.5 A cm ™2 with a current perturbation of 50 mA cm™2 and a frequency range from 10,000-0.1 Hz. After col-
lecting polarization and EIS data, we measured cyclic voltammetry (CV) with a scan rate of 50 mV/s from 0.04 V to 0.95 V.

2.4. Model description

A 2D steady state, multiphase, and multiphysics model was used to study the behavior of the PEMFCs with the different asymmetric
GDL configurations. The macro-homogeneous model used spatially averaged physical and transport properties for each layer. The
computational domain consisted of a half channel-half land cross section of the MEA, as shown in Fig. S3. Table S1 provides an
overview of the governing physics for the different phenomena accounted in the model. Table S2 highlights the different source terms
in the model. The hydrogen oxidation reaction (HOR) on the anode is modeled using Butler-Volmer kinetics [34]. The current density
for the ORR was calculated using an agglomerate model [35] with Tafel kinetics. The rates of water evaporation/condensation and
sorption/desorption are dictated by the difference in the chemical potential between the vapor-liquid and ionomer-vapor phases,

Table 2
GDL configurations tested in this study.
Name Anode GDL Cathode GDL Difference in Gurley Number
Group 1: Lowest permeability GDL in the cathode Cell 1 H14C10 H14C10 0
Cell 2 H14C9 H14C10 40
Cell 3 H14Cx653 H14C10 55
Cell 4 H15C14 H14C10 69.4
Group 2: Highest permeability GDL in the cathode Cell 5 H15C14 H15C14 0
Cell 6 H14C9 H15C14 29.4
Cell 7 H14C7 H15C14 49.4

Cell 8 H14C10 H15C14 69.4
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respectively. Water sorption/desorption between the ionomer and liquid phase only occurs if the chemical potential of the liquid phase
is greater than the chemical potential of the vapor phase [36]. A detailed description of the model can be found in Refs. [34,36].

3. Results and discussion

To evaluate the performance of the different GDL configurations, polarization curves were measured under differential conditions
with different relative humidity and backpressure. Under air operating conditions, Pajarito PGM-free catalyst has been shown to
demonstrate an OCV lower than 0.9 V [19,20]. As shown in Fig. 1a, for the first group of cells, cells with asymmetric GDL configu-
rations had superior performance in the mass transport region at 100 % RH compared to the baseline Cell 1, which had a symmetric
GDL configuration. As the MPLs had different surface morphology (Fig. S1), we also report the HFR-corrected data in Fig. S4a to correct
for any possible performance variation due to the contact resistance or hydration state of the membrane. All cells showed similar
performance at low current densities, implying that increasing the permeability of the anode GDL does not have any impact on kinetics
or ohmic resistance. Cyclic voltammograms showed similar double layer capacitance (Fig. S4b), confirming that all MEAs had similar
catalyst loading. EIS at 0.5 A cm 2 revealed that the cell impedance decreased monotonically as the anode GDL permeability increased
(Fig. 1b). As all the MEAs had similar catalyst loading and similar kinetic performance, the decrease in impedance is attributed to
reduction in the mass transport resistance as the permeability difference increased.

For further understanding of mass transport, we tested the performance under three more conditions.

e Dry condition (anode 50 % RH, cathode 50 % RH, 150 kPaa);
e Wet condition with high pressure (anode 100 % RH, cathode 100 % RH, 250 kPaa)
e Flooded condition (anode 100 % RH, cathode 150 % RH, 150 kPaa).

Polarization curves and EIS measured in these different conditions are shown in Fig. S5. Under 50 % RH, all four cells had similar
performance (Fig. 2a, Fig. S5a). However, upon increasing the humidity to 100 % RH, the cell with the largest difference in GDL
permeability (Cell 4) showed a performance increase of 100 mV at 1 A cm™2 compared to the cell with symmetric GDL configuration
(Cell 1) (Fig. 2b). Increasing the total operating pressure to 250 kPa caused significant performance increases for the cells with
asymmetric GDL configurations, while the MEA with symmetric GDL configuration (Cell 1) showed barely any performance increase
(Fig. 2¢). These results imply that the asymmetric GDL configuration, with lowest permeability GDL in the cathode, provided enhanced
water management under highly saturated conditions. This conclusion is further supported by the large difference in performance
under oversaturated condition (150 % RH on the cathode), where the baseline Cell 1 was not able to achieve 1 A cm’z, whereas Cell 4
reached 200 mV at 1 A cm~2. Although the asymmetric GDL configurations provided similar performance to the symmetric GDL
configuration under dry operating conditions, under wet or flooded conditions, anode GDLs with higher permeability provided
improved water management, increasing mass transport and improving performance at high current density. Improved transport of
oxygen is due to lower water saturation caused by back diffusion of water which is further explained in the modeling section.

Polarization performance and EIS of the second group of cells, in which the highest permeability GDL was used on the cathode, is
shown in Fig. 3. In contrast with the first group of cells, the second group showed minimal differences in polarization performance
(Fig. 3a and Fig. S6a) or EIS (Fig. 3b) under fully humidified conditions. Fuel cell performance at 1 A cm~2 for dry, wet, and flooded
conditions (Fig. S7) showed no significant change with anode permeability, in agreement with observed behavior in the full polari-
zation curves and EIS plots (Fig. S8).

A computational continuum model was used to provide further understanding of water management in the asymmetric GDL
configuration. The numerical model requires the capillary pressure-saturation relationships for the PGM free catalyst layers to
accurately describe the two-phase transport in these layers. Since water retention curves for PGM free electrodes have not been
characterized, the average saturation in the cathode CL was fit to numerically reproduce the experimental results.
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Fig. 1. Comparison of cell performance of the first group of cells at 100 % RH. (a) Cell polarization; (b) EIS at 0.5 A cm 2. Conditions: 80 °C cell
temperature, 1000/2000 sccm Hy/air, 150 kPaa.
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Fig. 2. Voltage at 1 A cm~2 with respect to the difference in Gurley number between anode and cathode GDL for the first group of cells. (a) Anode

50 % RH, cathode 50 % RH, 150 kPaa; (b) anode 100 % RH, cathode 100 % RH, 150 kPaa; (c) anode 100 % RH, cathode 100 % RH, 250 kPaa; (d)

anode 100 % RH, cathode 150 % RH, 150 kPaa. Severe flooding of the cell with symmetric GDL configuration under 150 % RH prevented the current
from reaching 1 A cm 2. Cell temperature: 80 °C; flow rate Hy/air: 1000/2000 sccm.
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Fig. 3. Comparison of cell performance of the second group of cells at 100 % RH. a) Cell polarization; (b) EIS. Conditions: 80 °C cell temperature,
1000/2000 scem Hy/air, 150 kPaa.
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The model results show good agreement with the experimental polarization curves, as shown in Fig. 4 for both groups of cells. For
the first group of cells with low permeability GDL on the cathode, the model predicts an improvement in performance due to a
reduction in the average cathode CL saturation from 0.57 for Cell 1, 0.5 for Cells 2 and 3, and 0.44 for Cell 4. The average capillary
pressure (defined as the difference between the liquid and gas pressure) in the cathode CL for Cell 1 is 20 Pa higher than Cell 4 at 1 A
cm 2. The relatively small difference in capillary pressure resulting in a 13 % saturation change is indicative of a sharp gradient in the
water retention curve. For the second group of cells with high permeability GDL on the cathode, the average cathode CL saturation
remained the same at 0.44 for all the cells. The voltage loss due to mass transport, evaluated using the power-loss post processing
method as described by Pant et al. [37], is shown in Fig. 5. For the cells with the lowest permeability GDL in the cathode (first group),
the mass transport losses decreased with increasing anode permeability due to a reduction in the cathode CL saturation. The difference
in losses was higher at 1 A cm ™2 compared to 0.5 A cm ™2, consistent with the observed fuel cell performance (Fig. 1a). For the cells with
the highest permeability GDL in the cathode (second group), the voltage loss due to mass transport was similar, suggesting improved
mass transport in the cathode irrespective of the anode GDL.

As noted above, a comparison of cells in the first group (low permeable cathode) and second group (high cathode GDL perme-
ability) reveals a relatively weak dependence on asymmetric permeability for the second group, in contrast with the strong dependence
observed in the first group. While the use of highly permeable GDLs on both anode and cathode (symmetric configuration) could in
principle provide faster mass transport, examination of the most asymmetric configuration from the first group (Cell 4) in comparison
with a symmetric combination of highly permeable GDLs from the second group (Cell 5) reveals some advantage for the asymmetric
case (Fig. 6). Specifically, this comparison shows that a highly asymmetric GDL combination (Cell 4) can provide slightly higher
performance than a symmetric combination of highly permeable GDLs (Cell 5) under the flooded operation condition, although the
difference was minimal under non-flooded operation. The improved performance under the flooded condition achieved with a lower
permeable GDL on the cathode may be ascribed to increased back-diffusion of water from cathode to anode and better contact between
catalyst layer and GDL. This finding remains relevant to practical applications, as localized flooding can occur even under nominally
low humidity operating conditions in commercial fuel cell stacks due to non-uniform water generation and distribution across the
membrane electrode assembly.

The performance of PGM-free catalysts displays variability between batches. In this study, all the MEAs mentioned in the manu-
script were assembled using catalyst from a single batch. While the limited batch size did not allow us to conduct repeated experiments
with identical GDL configurations, we did collect multiple datasets using catalysts from different batches and various GDLs. These
additional experiments consistently validated the advantage of employing an asymmetric GDL configuration that incorporates highly
permeable GDLs in the anode as exemplified in Fig. SO.

Lastly, as water back diffusion is one of the key drivers for the performance improvement found in this study, use of pressure
differentials or thinner membrane could also provide a means of providing enhanced water management. Each approach conveys
advantages and disadvantages. While use of pressure differentials could provide flexibility for adjusting water management in real
time, it would result in increased system complexity, and would also place more constraints on the required compressor output and
turndown ratio. Use of thinner membranes conveys advantages in simultaneously increasing water back-diffusion and reducing
membrane Ohmic losses, but it also reduces membrane durability, increases vulnerability to manufacturing defects, and increases
hydrogen crossover. A full analysis of the pros and cons of each method is beyond the scope of this report, but we note in passing that
asymmetric GDL design and selection provides an additional tool that can be used either alone or in combination with differential
pressure and thinner membranes to provide enhance water management.

4. Conclusion

This work investigated the effect of different GDL configurations on the anode and cathode with PGM-free electrodes. Under dry
conditions, GDL configuration was found to have minimal impact on performance, but under wet and flooded conditions, maximum
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Fig. 4. Comparison of simulated and experimental cell performance for (a) first group of cells and (b) second group of cells. 80 °C cell temperature,
1000/2000 sccm Hy/air, 150 kPaa.
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Fig. 6. Comparison between Cell 4 (anode H15C14 and cathode H14C10) and Cell 5 (anode H15C14 and cathode H15C14) at (a) anode 50 % RH-
cathode 50 % RH, (b) anode 100 % RH-cathode 100 % RH, (c) anode 100 % RH-cathode 150 % RH. Cell temperature: 80 °C, flow rate Hy/air: 1000/
2000 sccem, back pressure: 150 kPaa.

performance was achieved with a low permeability GDL on the cathode and a high permeability GDL on the anode. Computational
modeling revealed that this improvement was mainly due to lower liquid water saturation in the cathode and overall better water
management. When using a low permeability GDL on the cathode, the fuel cell performance showed a direct correlation to the dif-
ference in permeability between anode and cathode GDLs. When using a high permeability GDL on the cathode, the permeability of the
anode GDL had minimal effect on performance. Overall, this study demonstrates that improved water management can be achieved by
tuning the permeability of anode and cathode GDLs.
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