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Water flooding remains a critical challenge that hinders the operation of fuel cells at high

28 current and power densities. Here, we develop a novel gas diffusion layer (GDL) featuring

30 quadrilateral-patterned perforations to boost the water drainage capability in proton exchange

32 membrane fuel cells. When the perforations are vertically arranged to flow channels, the fuel

cell can achieve a peak power density of 1.43 W ¢cm™ and a current density of as high as 5400

37 mA cm?, far outperforming those with commercial GDLs with and without a microporous

39 layer by 28.6% and 58.8%, respectively. Pore-scale simulations reveal the patterned

perforations reduce the breakthrough pressure and facilitate water removal, thus improving

44 oxygen diffusion in the perforated GDLs, while cell-scale simulations show that the vertically

46 arranged perforations to flow channels significantly enhance water removal to the adjacent

channels due to the improved in-plane permeability, thereby reducing liquid water saturation

51 and boosting cell performance.
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Fuel cells, particularly proton exchange membrane fuel cells (PEMFCs), have emerged as one
of the most promising candidates for next-generation power sources owing to their exceptional
energy efficiency, remarkable power density, and zero emission '~. Although commercial
applications for transportation and stationary power generation have been demonstrated, wide
market penetration of fuel cells is still hindered by cost issues, primarily due to the use of
expensive key components such as Pt/C catalyst and proton exchange membranes (PEMs) *°.
Increasing operating current and power densities can reduce stack size and thus reduce the
capital cost. However, at high current densities, considerable water will be produced by oxygen
reduction reaction, which will occupy the pores and block the transport pathways of gas
reactants (a phenomenon well known as water flooding), and consequently deteriorate the
performance of the PEMFCs dramatically .

Gas diffusion layers (GDLs) are commonly employed in fuel cells to drain water out
from catalyst layers (CLs) and facilitate the uniform feed of gas reactants from the flow
channels to the active sites in CLs ®7. To facilitate the removal of liquid water, hydrophobic
treatment is commonly applied by using hydrophobic agents such as polytetrafluoroethylene
(PTFE) and fluorinated ethylene propylene (FEP) ®!913_ To tailor the surface wettability,
Forner-Cuenca developed a GDL with pattern wettability by radiation-induced grafting of
hydrophilic compounds onto the hydrophobic polymer coating, which provided water removal
highway in hydrophilic areas '*!5. Wen et al. developed a Janus GDL which facilitated water
removal from the hydrophobic side to the hydrophilic side with low water breakthrough
pressure '¢. The transport of liquid water from CLs through GDL to the flow channels is mainly
driven by capillary force induced by the stochastic hydrophobic carbon fibers, where a
substantial breakthrough pressure is required to expel water. Given that liquid water usually

follows the path of least resistance in the porous media, its transport tends to be unpredictable
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and undirected within the GDL with complex porous structure. Therefore, GDLs remain
susceptible to water flooding during high-current-density operation.

To tackle this challenge, considerable efforts have been devoted to engineering the
porous structure of GDLs for enhancing water removal capability over the past several decades
67 One approach involves the implementation of gradient porosity (increasing from
microporous layer to flow channel), which has shown great potential in preventing excessive
flooding within the GDLs 7. However, most of the research on GDLs with gradient porosity

in fuel cells has been limited to numerical investigations "'

, with only a few experimental
demonstration 2°. This is probably because the manufacture of carbon-based GDLs with
gradient porosity is very challenging. Unlike gradient GDLs which are difficult to manufacture,
perforation represents a more viable strategy to modify porous structures. Several studies have
investigated the effects of GDL perforations on the PEMFC performance and indicated that the
massive heat generated during the perforation process can oxidize the nearby region around
pores and lead to hydrophilic pores within the PTFE-coated GDLs %!"2*. These hydrophilic
pores can create pathways for water removal due to capillary pressure. However, it is found
that more liquid water accumulates around the hydrophilic pores, resulting in continuous liquid
water coverage near the CLs, thus hindering gas transport and deteriorating cell performance
24 Therefore, wet-proofing the GDLs after laser-structuring step should be adopted. With the
same hydrophobicity, the size and shape of perforations also influence the water removal
process. Recently, Csoklich et al. investigated the effects of perforations of GDL by using a
series of 16 perforations with different sizes and shapes '!. The perforation area ratio was found
to play a crucial role, as the performance of the fuel cell initially increased and then decreased
with an increasing perforation area ratio (volcano-like plots). This behavior can be attributed

to the fact that an increase in the perforation area ratio improves water transport and reduces

oxygen transport resistance, but it also leads to an increase in high-frequency resistance (HFR)
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due to membrane dehydration. Unfortunately, the results were obtained under high flow rates
(0.6 L min"' cm™), which may not be practical for real-world applications. Additionally, the
underlying two-phase transport mechanism with perforations remains elusive, hindering the
further development of high-performance perforated GDLs for high current and power density
fuel cells.

Herein, we propose and demonstrate a perforated GDL (pGDL) to enhance water
management in PEMFCs via a facile laser drilling method (Figure 1a). As illustrated in Figure
1b, our proposed pGDL features quadrilateral-patterned perforations that are arranged
vertically to the flow channels. This unique design creates highways for liquid water removal
and considerably promotes oxygen transport (Figure 1c), thereby significantly enhancing the
cell performance. It is experimentally demonstrated that the fuel cell can deliver a peak power
density of 1.43 W cm™ and a maximum current density of 5400 mA c¢cm?, far surpassing the
commercial benchmark GDLs which suffer from significant concentration losses.

T
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Rib Rib

.7’. ® A/ ‘*ﬁﬁ.uquidwater GDL

FEFBEBERERBRBETRDE B BDBHSBCCL
perforation perforation PEM
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Figure 1. Schematic diagrams of (a) laser drilling for perforation, (b) arrangement of perforated
GDL and flow field, and (c) two-phase mass transport in PEMFCs with perforated GDL.
Figure 2a presents a representative image of pGDL featuring quadrilateral-patterned
perforations with high-aspect-ratio. This specific pGDL sample is obtained from a 10 cm x 10
cm carbon paper substrate (Figure S1). Utilizing the laser drilling method, we can fabricate 16
individual pGDLs on the carbon paper with controllable patterned perforations, indicating the
exceptional scalability of the laser drilling method for perforating GDLs. The porous structures

of GDLs were characterized with computed tomography (CT). Volume-rendered tomographic
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reconstructions for different GDLs are presented in Figure 2b and c after reconstruction and
segmentation of a series of CT images. Commercial GDL (cGDL) mainly consists of carbon
fibers that are randomly connected and arranged in a layered structure, forming an
interconnected pore network between fibers. In contrast, the pGDL not only exhibits random
inter-fiber pores but also incorporates laser perforations in rectangular shapes. Equivalent pore
and throat size can provide a quantitative description of the pore network structure in porous
media. The equivalent pore and throat size distribution shown in Figure 2d and e reveal that
pGDL possesses not only smaller inter-fiber pores, but also larger pores with equivalent
diameters exceeding 300 um created by laser perforation. The distribution of porosity along
the in-plane y direction is calculated based on the Porespy code and shown in Figure 2f. The
porosity of cGDL is distributed around 0.7 and fluctuates within a range of 0.1, while that of
pGDL rapidly increases in the central region, which aligns perfectly with the region of laser
perforations.

The morphology of pGDL was also characterized by scanning electron microscopy
(SEM) with energy dispersive X-ray spectroscopy (EDS) mapping, as shown in Figure 2g-i.
The laser perforations with a high aspect ratio are uniformly distributed across the porous GDL.
EDS mapping shows that fluorine and carbon elements are uniformly distributed, indicating
the uniform coating of PTFE, which can prevent a decrease in hydrophobicity due to surface
oxidation during the laser drilling process. In addition, mercury intrusion porosimetry (MIP)
measurements reveal that the primary pores for both cGDL and GDL with microporous layer
(mGDL) are in the range of 30-50 um (Figure 2j). In contrast, in addition to these intrinsic
pores of Toray-60 carbon paper, pGDL also exhibits 50-100 um pores and non-negligible pores
above 100 pm that are attributed to the rectangular shape of the laser-perforated pores with a
high aspect ratio. It should be noted that the proportion of laser-perforated pores is less than

10%, resulting in a low volume fraction of these larger pores to maintain its mechanical strength
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and electrical contact with flow field. Moreover, the cGDL and pGDL exhibit excellent

hydrophobic properties (Figure 2k and 1) with contact angles of 147.9° and 130.5°, respectively.
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Figure 2. Characterizations of GDL. (a) Digital image of the representative pGDL by laser
drilling method. Volume rendering of (b) mGDL and (¢) pGDL by computed topography
characterization. Statistical analysis of porous structure by (c) equivalent pore diameter, (d)
equivalent conduit throat length, and (e) porosity distribution. (g) SEM image, (h-i) EDS

mapping of pGDL. The green color denotes the carbon element, while the red color denotes
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the fluorine element. (j) Pore size distribution of different GDLs characterized by MIP. Contact
angle of water droplet on (k) cGDL and (1) pGDL.

The as-prepared pGDL was then tested in a lab-made PEMFC under 80 °C, 150 kPa,
95% relative humidity and Hz-air condition with a stoichiometric ratio of 3. First, we
investigated the effects of three different arrangements (vertical, parallel, and oblique shown
in Figure 3a) of the patterned perforations of pGDLs on fuel cell performance. Polarization
curves in Figure 3b clearly indicate that the orientation of the patterned perforations has a
significant impact on the cell performance, particularly under high current densities.
Specifically, the vertical arrangement of pGDL to flow channels exhibits the smallest
concentration loss, while it is the highest in parallel configuration (underly mechanisms are
further discussed in the full-cell simulation section). Therefore, pGDLs with vertical-to-
channels arrangement were adopted for further experimental investigation. As shown in Figure
3¢, the PEMFC with pGDL exhibits the best performance under high current density compared
to those with mGDL and ¢cGDL. The latter two cells suffer from significant performance loss
due to severe concentration overpotentials. Under current density over 3000 mA cm,
excessive water generation blocks the pathway in GDL and hinders oxygen transport, leading
to a substantial voltage drop in PEMFCs with mGDL and cGDL. The HFR-free results of
polarization curves in Figure S2 show the same tendency. It is interesting to find that the
PEMFC with cGDL exhibits the lowest high-frequency resistance and ohmic losses compared
to the other two cells, which is probably attributed to its higher membrane hydration due to

poorer water drainage capability. However, as the current density is further increased, water

flooding significantly deteriorates its performance due to increased concentration overpotential.

Water flooding is alleviated in PEMFC with mGDL because the microporous layer in mGDL
can reduce the water breakthrough pressure and facilitate the removal of liquid water within

the complex porous medium. Compared with mGDL and ¢cGDL, pGDL leads to the smallest
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concentration overpotential as the patterned perforations provide highways for rapid liquid
water removal. Remarkably, the PEMFC with pGDL exhibits a peak power density of 1.43 W
cm?, far exceeding those with mGDL and ¢GDL (1.29 and 1.38 W c¢m™). Moreover, the
PEMFC with pGDL delivers a maximum current density of as high as 5400 mA cm, which is
28.6% and 58.8% higher than those with mGDL and cGDL, respectively. In addition, our
pGDLs enable a stable output current at constant voltage discharge, representing a better water
management capability (Figure S3). To demonstrate the superiority of our design, we compare
the current densities at 0.4 V with other related works under different specific flow rates
1121222527 We adopted two flow rates to operate PEMFCs, namely a relatively low flow rate
with a stoichiometric ratio of 3 and a higher constant flow rate of 0.375 NL min"! cm™. As
shown in Figure 3d, PEMFCs developed in this work outperform most reported works even at
arelatively low flow rate. The fuel cell with pGDL can achieve even better performance (39.5%
increase) at the higher flow rate (0.375 L min™! cm™), demonstrating the superb liquid water
drainage capability of pGDL. Nevertheless, in practical applications, it is common to employ
relatively low flow rates (e.g., a stoichiometric ratio of 3) to ensure optimal energy efficiency
of the entire fuel cell system, and it is hence adopted in this work.

Figure 3e and f display the electrochemical impedance spectra (EIS) obtained under
low current density (LCD) and high current density (HCD). The Nyquist plots in Figure 3e
primarily exhibit two arcs, corresponding to the charge transfer and mass transfer resistance,
which are related to proton conduction and oxygen transport in fuel cells, respectively. For
c¢GDL and mGDL, increasing the operating current density results in a significant increase in
the second arc, representing the increased mass transport resistance. In contrast, the impedance
plot of pGDL in red color shown in the inset shows a smaller increase in the second arc after
increasing the current, highlighting its superior water drainage capability. To quantitatively

analyze the EIS results, the impedance was further fitted by an equivalent circuit as shown in
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Figure 3f, which consists of high-frequency resistance ( R, ), charge transfer resistance (R.,.),
mass transfer resistance ( R,,, ) and corresponding capacities. Increasing the operating current

density in PEMFCs leads to the generation of more liquid water. On the one hand, the higher
water content enhances the hydration and thus the conductivity of the proton exchange
membrane, resulting in a lower charge transfer resistance. On the other hand, the increased
liquid water content hinders the diffusion of oxygen in the GDL, leading to a significant
increase in mass transfer resistance. It can be observed that the mass transfer resistance of
pGDL only increases by 6.6 mQ from LCD to HCD, which is much lower than the
corresponding increases of 32.5 and 335.6 mQ for mGDL and ¢GDL, respectively. These

results confirm the superior water removal capability of pGDL.
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Figure 3. (a) Schematic of serpentine flow channel and different arrangement of pGDL.
Polarization curves of PEMFCs (b) with different arrangement and (¢) with pGDL and
benchmark GDLs. The fuel cells were tested at 80 °C, 150 kPa, 95% relative humidity with a

stoichiometric ratio of 3 under H-air conditions. (d) Performance comparison of our pGDL to
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other reported advanced GDLs. (e) Nyquist plots. (f) Fitting results of PEMFCs with various
GDLs under low and high current densities.

To reveal the underlying mechanisms that lead to boosted liquid water removal in
pGDLs, pore-scale time-dependent two-phase invasion percolation (IP) and diffusion
simulations were performed. The computational domains were derived from computed
topography results with segment and smooth treatment, as depicted in Figure S4. Figure 4a and
d present the liquid water saturation in cGDL and pGDL, respectively. In the simulation, liquid
water seeks breakthrough points (BP) along paths of least resistance, resulting in the occupation
of a significant portion of the internal regions in GDLs and forming liquid water pathway. As
shown in Figure 4a, the breakthrough occurs on the right side for cGDL. In contrast, liquid
water easily flows along perforated paths, leading to efficient drainage, and thus noticeable
reduction of liquid water occupation in most areas (Figure 4d). The pressure distributions
shown in Figure 4b and e reveal that the pressure within pGDL is significantly lower than that
within ¢cGDL, indicating the easier removal of liquid water. Specifically, the breakthrough
pressure in pGDL is significantly reduced by 93.5% (Figure 4g). Figure 4c and f depict the
velocity distribution and streamlines in GDLs. It can be seen that most of the inlet flow follows
the pathway with low pressure and passes through breakthrough points. Additionally, the
velocity within the major pathway of the pGDL exhibits a more uniform distribution compared
to cGDL. We also simulated oxygen diffusion within liquid-water saturated GDLs. The smaller
average liquid saturation shows that there is less liquid water accumulated in pGDL (Figure
4h). In the meantime, as shown in Figure 4i, the average oxygen concentration within the whole
region increases over time and eventually reaches a steady state. Interestingly, the average
oxygen concentration in pGDL is slightly smaller in the initial stage (< 100 us), primarily due
to the smaller unsaturated oxygen inlet area at the top boundary compared to cGDL. However,

it subsequently exhibits a faster growth rate than cGDL and ultimately achieves a higher
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average oxygen concentration, which is more favorable for enhancing the performance of fuel
cells.
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Figure 4. Pore-scale invasion percolation and diffusion simulations. Distribution of (a) liquid
water saturation, (b) pressure, and (c) velocity within cGDL. Distribution of (d) liquid water
saturation, (e) pressure, (f) velocity within cGDL. Comparison of (g) breakthrough pressure,
(h) average liquid saturation, and (i) average oxygen concentration in different GDLs.

To gain a deeper fundamental understanding of the two-phase transport phenomena in
GDLs, a three-dimensional two-phase fuel cell model was built by incorporating the pore-scale
model. Figure 5a shows the computational domains of three-dimensional fuel cell model with
a typical serpentine flow field. The anisotropic permeabilities of both the pGDL and the cGDL
were calculated through pore-scale simulations. Figure S5 shows the reconstructed structure of
pGDL and cGDL. Anisotropic permeability results are listed in Table S1. Figure 5b shows the
quadrilateral-patterned perforations, which are arranged vertically to channels, can

significantly improve the x-direction permeability. The calculated permeability values were
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subsequently incorporated into the fuel cell model to assess the impact of the GDLs on the
transport of liquid water within the fuel cell system. Figure 5c-e show the distribution of liquid
water saturation on the interface between GDLs and channels/ribs. For cGDL, liquid water
mainly accumulates under the ribs, which is consistent with in-situ observation of liquid water
distribution reported in previous works 2*. This phenomenon occurs due to the significant
difference in the travel distance for liquid water to reach the channel outlet. Liquid water under
the rib needs to go through long distances (several millimeters in x direction) to reach channel
while liquid water under the rib only needs to go through several micrometers in z direction.
Therefore, perforation areas provided by pGDLs can enhance water transport in x direction by
placing the high-aspect-ratio perforation vertical to channels. Accordingly, the use of vertical
pGDL results in a significant reduction in liquid water saturation (Figure 5d) due to the
improved permeability in the x-direction. The enhanced permeability in the x-direction
facilitates the transport of liquid water towards nearby flow channels, thus enabling effective
water drainage. To compare the influence of pGDL arrangement on liquid water distribution,
Figure 5e displays the distribution of liquid water when pGDL is arranged in a parallel direction.
It can be observed that the parallel arrangement leads to enhanced permeability in the y-
direction improves drainage in that direction. Consequently, the accumulation of liquid water
in the lower-left and upper-left corners is notably reduced. However, there is still remarkable
liquid water accumulation in the under-rib regions between the channels. Overall, the
improvement in drainage performance with parallel pGDL arrangement is not significant,
which is consistent with the large concentration loss in the cell performance (Figure 3b). Figure
5f displays the average liquid water saturation of GDLs under different operating voltages.
When the voltage drops below 0.7 V, the average liquid water saturation increases significantly

with voltage owing to the substantial generation of water in the cathode CL. However, since
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pGDL can remove liquid water more effectively, the average liquid water saturation is much
lower compared to that of cGDL (reduced by 20.5% at a cell voltage of 0.2 V).
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Figure 5. Full cell modeling of PEMFCs. (a) Computational domains for three-dimensional
fuel cell modeling. (b) Permeability results of pore-scale simulation of GDLs. Liquid water
saturation distribution of (c) ¢cGDL, (d) vertical pGDL, and (e) parallel pGDL. (f) Average
liquid water saturation under different voltages.

In summary, a laser-perforated GDL featuring quadrilateral pattern was successfully
developed for improving water management in PEMFCs. It is demonstrated that when the
patterned high-aspect-ratio perforations are arranged vertically to flow channels, the PEMFC
can achieve a peak power density of 1.43 W cm™ and a maximum current density of 5400 mA
cm™ under Hz-air condition, far exceeding those with commercial benchmark GDLs due to
smaller concentration overpotentials. It is revealed, by pore-scale simulations, that perforations
effectively reduce the breakthrough pressure and serve as highways for water removal, which
diminishes the overall liquid water saturation and improves oxygen diffusion in pGDL. The

three-dimensional two-phase full cell simulations further reveal that the patterned perforations
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1
2
i vertical to flow channels can enhance water transport to nearby channels due to the increased
5
6 in-plane permeability, resulting in rapid water drainage and thus boosting the cell performance.
7
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