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Proton exchange membrane fuel cells (PEMFCs) are considered highly efficient energy conversion devices
utilizing sustainable green energy. However, commonly occurring water flooding and inefficient mass
transfer at high current densities significantly restrict the advancement of higher power density due to
obstructed electrochemical reactions. Herein, we developed a readily available three-dimensional (3D)
flow field by assembling a regularly 3D-patterned gas diffusion layer (GDL) with a conventional bipolar
plate to overcome these challenges. The 3D-patterned GDL with ribs and channels was prepared by
multi-step vacuum filtration using a specialized mold. The channels in the 3D-patterned GDL provided
independent shortcuts for water drainage, while the channels in the conventional bipolar plate offered
independent pathways for air, facilitating clear separation between water and gas transport.
Consequently, the 3D flow field effectively prevented water flooding and demonstrated exceptional
humidity tolerance under varying air supply conditions. Moreover, it exhibited a lower pressure drop and

R 4 12th March 2025 achieved a high peak power density of 1.7 W cm~2. Under a low air stoichiometric ratio of 1.5, it showed
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Accepted 16th April 2025 a 73% improvement in performance compared to the conventional flow field, with only a 5% fluctuation
under wide humidity conditions. Given its easy availability, the new 3D flow field, combining a 3D-

DOI: 10.1039/d5ta02041g patterned GDL with a conventional bipolar plate, presents an unprecedented concept in 3D flow field

rsc.li/materials-a design and demonstrates considerable potential for the development of ultra-high-performance fuel cells.

the reaction, and accumulate in the gas diffusion layers (GDLs)
and flow field, obstructing oxygen transfer if not managed

1 Introduction

Proton exchange membrane fuel cells (PEMFCs), powered by
hydrogen,'? are attracting considerable attention and show
great potential in clean energy applications.*® Enhancing the
power density of PEMFCs is crucial for their continued devel-
opment.®* However, power density is strongly limited by mass
transfer between the flow field and catalyst layer.”® At the
cathode, a substantial oxygen supply is required at high power
densities (i.e., high current density)>'® for efficient electro-
chemical reactions. High current density leads to considerable
water production. A certain amount of water is necessary to
maintain the optimal proton conductivity of the membrane.**
However, excessive water can cover the catalyst layer, hindering
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effectively.""?

To accelerate mass transfer, diverse flow fields and GDLs
have been designed and optimized.” Conventional flow field
structures, such as parallel,”® serpentine,"'® and interdigi-
tated,””*® are relatively simple to fabricate but suffer from
uneven gas distribution or limited water drainage." Advanced
structures like biomimetic flow fields, inspired by natural
forms, such as leaf-shaped,” fin-like,>* wavy (Scheme 1a and
b),?* and alveolar structures,* have been explored to promote
more rapid gas transfer and enhanced performance. Further-
more, incorporating baffles into flow channels to create three-
dimensional (3D) flow fields has proven to be an effective
modification.”*** Baffles drive gas flow to change direction,
promoting forced convection and enhancing longitudinal mass
transfer to the catalyst layer.”® They also increase local gas
velocity, facilitating water removal.”” The 3D fine mesh flow field
developed by Toyota Mirai has significantly improved fuel cell
stack performance and lifespan through efficient mass transfer
and superior water management.”® However, these advanced 3D
flow fields face considerable challenges, including high
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Scheme 1 Schematic of the conventional flow field and 3D flow field used in this work. (a) Fuel cell structure with a conventional flow field,
composed of a conventional GDL and a conventional waveform bipolar plate. A catalyst-coated membrane (CCM) is also included. (b) Extracted
structure of the conventional flow field. (c) Fuel cell structure with the novel 3D flow field, composed of a 3D-patterned GDL and a conventional

waveform bipolar plate. (d) Extracted structure of the 3D flow field.

manufacturing costs and limited practical application, and
remain primarily at the theoretical simulation stage.*

GDL is a critical component in PEMFCs and strongly affects
the mass transfer between the flow field and catalyst layer. Early
studies revealed inefficient mass transfer due to the homoge-
neous structure of the GDL, with flat surfaces on both sides
(Scheme 1a and b).*® To mitigate water flooding, multi-layer
GDLs with gradient porosity and wettability were developed,
enhancing drainage efficiency through capillary forces between
the layers.**** Nevertheless, the sharing transport pathways of
water and gas in the GDL may lead to severe mass transfer
losses when liquid water blocks the gas channels. Therefore, it
is necessary to construct dedicated channels for water
management. Hydrophilic substances,** pore-forming agents,*
regular hydrophilic patterns,*® holes and slits*”** were intro-
duced into GDLs to create specific water removal pathways.
These pathways separate water and gas to a certain extent,
alleviating water flooding at high current densities and
improving fuel cell performance effectively.** However, the
conventional flat structure of GDL remains unchanged, and
dead or low-velocity zones beneath the ribs persist, limiting the
mass transfer and performance improvement in PEMFCs.*

Herein, we developed a novel 3D flow field that is easily
available through a regularly 3D-patterned GDL and a conven-
tional waveform bipolar plate (Scheme 1c). The use of conven-
tional bipolar plates effectively avoids fabrication complexities
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and additional cost burdens. Compared to the conventional
flow field (Scheme 1b), the 3D flow field incorporates additional
flow channels provided by the 3D-patterned GDL (Scheme 1d).
Notably, the 3D flow field facilitates highly efficient water—-gas
separation, enabling independent water removal and gas
transport without dead zones beneath the ribs. It exhibits
a much lower pressure drop than a conventional flow field,
reducing gas transport resistance and losses. With superior
mass transfer and water management, the 3D flow field ach-
ieves high PEMFC performance and wide humidity tolerance.
Consequently, this novel 3D flow field design provides a prom-
ising solution for fuel cells, redox flow batteries,*** and other
energy storage and conversion devices.

2 Results and discussion
2.1 Construction and characterization of the 3D flow field

The regularly 3D-patterned GDL is a key component of the new
3D flow field. The preparation of the GDL, shown in Fig. 1a,
involves four main steps through a layer-by-layer vacuum
filtration method. First, a microporous layer (MPL) is formed by
filtering a mixed slurry of carbon materials and polytetra-
fluoroethylene (PTFE) onto a filter membrane (Fig. 1al).
Second, a mixed slurry is filtered onto the MPL to prepare the
support layer (Fig. 1a2), which provides structural support for
MPL and the subsequent layer. Third, a 3D-printed mold is used

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Preparation and characterization of the 3D flow field. (a) Preparation process of the 3D-patterned GDL. (b) Optical image of the 3D-
patterned GDL. (c) Cross-sectional SEM image of the 3D-patterned GDL. (d) Cross-sectional SEM image of the 3D flow field. (e) Fuel cell
performance of the 3D flow field and conventional flow fields (including our GDL without the 3D-patterned layer and a commercial GDL). The
fuel cells were tested under the following conditions: 80 °C, 100 kPag,uge back pressure, and 60% RH for both anode and cathode under
hydrogen-air conditions. (f) Comparison of peak power density at different air stoichiometric ratios. (g) Pressure drops.

as a mask to partially cover the support layer during filtration of
the mixed slurry to obtain a 3D-patterned layer (Fig. 1a3).
Finally, the 3D-patterned GDL is removed from the filter
membrane, and treated at 350 °C for 30 minutes (Fig. 1a4).
Fig. 1b displays a 3D-patterned GDL with dimensions of
50 mm in length and 30 mm in width. The straight parallel
patterns span 48 mm in length, and the ribs and channels
formed by the 3D patterns are both 1 mm in width. The 3D-
patterned GDL consists of three functional layers: an MPL of
approximately 26 pm, a support layer of about 80 um, and a 3D-
patterned layer of around 210 pm in thickness, as shown in
Fig. 1c and S2.1 Each layer is embedded with sufficient PTFE
and exhibits hydrophobic nature (contact angle > 146°,
Fig. S37). Fig. 1d shows the detailed structure of the 3D flow
field composed of a 3D-patterned GDL (coloured purple) and
a conventional bipolar plate with a waveform flow field (col-
oured light blue). The channels on the bipolar plate and chan-
nels on the 3D-patterned GDL together provide flow pathways
for gas and water in three dimensions as coloured dark blue,
while the conventional 2D flow fields (Fig. S5ct) force air and
water to share identical channels, preventing the effective
water—-gas separated transport. Additionally, the compression
under the bipolar plate ribs often creates low-velocity or dead

This journal is © The Royal Society of Chemistry 2025

mass transfer zones, thereby impeding air transport and
increasing the risk of flooding. The 3D flow field provides three-
dimensional flow directions, which is conducive to uniform gas
distribution and reduces the accumulation of liquid water
beneath the ribs of bipolar plates. More excitingly, unlike the
complex three-dimensional flow fields found on bipolar plates,
this 3D flow field consists of components with simple patterns,
making it easier to prepare and control.

The 3D flow field greatly enhances mass transfer in PEMFCs,
particularly at high current densities. As shown in Fig. 1e, the
3D flow field exhibits minimal concentration polarization even
at current densities exceeding 3 A cm™? under an air stoichio-
metric ratio of 2.5. Conversely, the conventional flow fields
experience significant concentration polarization, with a rapid
voltage drop occurring as the current density approaches 1.5 A
cm 2. The GDLs prepared without 3D patterns and commercial
GDL exhibit peak power densities of 1.19 W cm™> and 1.13 W
ecm >, respectively, both substantially lower than that of 3D-
patterned GDL (1.70 W cm™2). Remarkably, the 3D-patterned
GDL consistently demonstrates outstanding mass transfer and
more pronounced performance improvement as the air stoi-
chiometric ratio decreases (Fig. 1f). At an air stoichiometric
ratio as low as 1.5, the 3D flow field maintains a peak power
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density of 1.38 W cm ™2, which is 73% and 45% higher than the
0.80 W cm ™2 and 0.95 W cm > of the conventional flow field
formed by commercial GDL and GDL without 3D patterns
(Fig. S7at). Therefore, the 3D-patterned layer plays a dominant
role in enhancing the PEMFC performance.

Electrochemical impedance spectroscopy (EIS) (Fig. S8t)
further proves the reduced mass transfer impedance caused by
the 3D structure. Without the 3D-patterned layer, the GDL
composed exclusively of an MPL and a support layer shows the
mass transfer resistance (Rp,) of 338 mohm cm?, which is much
higher than that of the 3D flow field (109 mohm cm?).
Compared with the commercial GDL, the R, of 3D-patterned
GDL also decreases by 69% and 70% at air stoichiometric
ratios of 1.5 and 2.5, respectively, exhibiting efficient mass
transfer in the 3D flow field. Notably, the 3D flow field balances
high mass transfer efficiency with a low pressure drop. Given
the similar flat structures of GDL without the 3D patterns and
commercial GDL, the 3D flow field cannot be constructed,
thereby resulting in higher pressure drops than GDL with a 3D-
patterned configuration (Fig. 1g). At different air flow rates, the
3D flow field consistently exhibits lower pressure drop, reducing
air transfer resistance and promoting uniform reactant distri-
bution,” which may enhance its competitiveness in practical
applications.

2.2 Optimal channel depth in 3D-patterned GDL

The depth of channels plays a critical role in mass transfer. The
effects of channel depth on PEMFC performance were investi-
gated by varying the mass loading of all components in the 3D-
patterned layer. As shown in Fig. 2a and S20,T when the mass
loading is increased from 0 mg cm ™ to 8 mg cm™ 2, the channel
depth correspondingly rises from 0 um to 269 pm. First, deeper
flow channels provide more space for gas and water, thereby
enhancing transfer efficiency and preventing water flooding.
However, excessive mass transfer may result in detrimental

a 0 mg cm??

3 mg cm?
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effects like dehydration of the proton exchange membrane
(PEM). Second, increased channel depth correlates with
a thicker GDL, potentially reducing its gas permeability.

Fuel cell performance of 3D flow fields with increasing
depths under different air stoichiometric ratios exhibits
a volcanic trend in Fig. 2b, ¢ and S21a-c.t The power density at
0.6 V (Fig. 2b) and current density at 0.5 V (Fig. 2¢) gradually
increase when the mass loading rises from 0 mg cm™> to 6 mg
cm 2, This improvement can be attributed to reduced mass
transfer impedance resulting from deeper channels in the GDL.
However, a further increase in channel depth causes a signifi-
cant drop in performance. The 3D-patterned layer with a mass
loading of 6 mg cm™? (about 212 um) is determined to be the
optimal channel depth in 3D-patterned GDL.

The dual effects of flow channel depth on the PEMFC
performance are further demonstrated through EIS. On the one
hand, deeper channels facilitate low airflow resistance. As
shown in Fig. 2d and S21d,t a progressive increase in depth
results in a marked decrease in R,,,. Meanwhile, airflow slows
down in deeper channels, leading to a reduced pressure drop
(Fig. S22ct). On the other hand, overly deep channels can lead
to higher electronic resistance and insufficient contact with
bipolar plates and the catalyst layer. The ohmic resistance (R;)
remains relatively unchanged at approximately 42.5 mohm cm?
at first, followed by an increase when the mass loading exceeds
6 mg cm > (Fig. 2d). It can be attributed to the dehydrated PEM,
the contact resistance and the longer electron transfer pathway.
The charge transfer resistance (R.;) also generally exhibits an
increasing trend with the deeper 3D channel depth due to the
incomplete three-phase interface and inefficient proton and
electron supply in the MPL/catalyst interface. Additionally, the
thickened GDLs cause unfavorable gas permeation. There is
a plummet of gas flux coefficient when coming to 7 mg cm >
(Fig. S22bt), ultimately decreasing the gas transport efficiency
from the bipolar plate to the catalyst layer.
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Fig. 2 Effects of channel depth on fuel cell performance. (a) Cross-sectional SEM images of patterned GDL with different channel depths. (b)
Power density at 0.6 V under different air stoichiometric ratios. (c) Current density at 0.5 V under different air stoichiometric ratios. (d) EIS fitting
results of mass transfer resistance (Rn), charge transfer resistance (R.), and ohmic resistance (Rs).
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2.3 Optimal channel width and shape in 3D-patterned GDL

The distinct configuration of the 3D flow field is also a critical
factor in mass transfer. We investigate its optimal structure
from two aspects: channel width and shape in the 3D-patterned
GDL. First, as shown in Fig. 3a, a conventional waveform
bipolar plate, which has been proven to be the most effective
structure in enhancing mass transfer** (Fig. 3a1), is matched
with the parallel patterned-GDL of different channel widths,
including 0.5 mm, 1.0 mm, 1.5 mm, and 2.0 mm (Fig. 3a2-a5).
Wider flow channels provide more space for gas transport but
simultaneously lower the flow velocity and decrease the gas-
catalyst effective contact area. Second, based on the compati-
bility of the waveform-parallel configuration, a conventional
parallel bipolar plate (Fig. 3b1) is matched with the wavy
patterned GDL (Fig. 3b2) to construct a 3D flow field. Optical
images of the five GDLs are shown in Fig. S23.1

Narrow channels are favorable to PEMFC performance, and
the parallel-patterned GDL featuring a 1.0 mm channel exhibits

View Article Online
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the highest peak power density of 1.70 W cm™? (Fig. 3c, S24a
and bt). A slight performance degradation is observed for the
0.5 mm channel compared to the 1.0 mm (Fig. 3d-e), with
power density at 0.6 V (1.42 W cm 2 vs. 1.47 W cm 2) and
current density at 0.5 V (3.17 A cm 2 vs. 3.35 A cm ™ ?). The
narrower channel contributes to mass transfer by increasing the
gas flow velocity and facilitating water removal. However, the
performance decline may be attributed to poor compatibility
with the bipolar plate in channel width. As the channel width
exceeds 1.0 mm, there is a considerable drop in performance
due to the poor mass transfer in wider channels.

Moreover, the 3D flow field formed by the wavy-patterned
GDL and parallel bipolar plate exhibits inefficient mass trans-
fer, with a 10% decline in power density at 0.6 V (1.32 W cm ™ ?)
and 12% decrease in current density at 0.5 V (2.95 A cm ™). This
is primarily attributed to restricted air transport in the parallel
channels provided by bipolar plates and prolonged water
drainage pathways along the wavy channels provided by the
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Fig. 3 Effects of 3D flow field types with different channel widths and shapes of 3D-patterned GDL on fuel cell performance. (a) Waveform
bipolar plate matched with parallel 3D-patterned GDL of different channel widths, including 0.5 mm (a2), 1.0 mm (a3), 1.5 mm (a4), and 2.0 mm
(@5). (b) Parallel bipolar plate matched with wavy 3D-patterned GDL. (c) Polarization curves of different 3D flow field types under an air stoi-
chiometric ratio of 2.5. (d) Comparison of power density at 0.6 V. (e) Comparison of current density at 0.5 V. (f) Fitting results of mass transfer

resistance (Rn), charge transfer resistance (R.t), and ohmic resistance (R.
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s). (g) ECSA. (h) Pressure drops.
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GDL. Additionally, the polarization curves of 3D-patterned
GDLs matched with the interdigital and serpentine bipolar
plates are shown in Fig. S24e-h.t The GDLs substantially
enhance the performance across various bipolar plate configu-
rations, with the 3D flow field of waveform bipolar plate-parallel
pattern GDL achieving the best performance.

EIS further reveals the lowest impedances of parallel-
patterned GDL with 1.0 mm channels (Fig. 3f and S24cft).
Despite narrow channels being generally beneficial for efficient
mass transfer, the GDL with 0.5 mm channels exhibits a higher
R (125 mohm c¢m?) than that of 1.0 mm channels (91 mohm
cm?) due to the incompatibility with conventional flow chan-
nels. The slight increase in R.. and R resulted from the ineffi-
cient mass transfer. Wide flow channels are unfavorable to both
mass and electron transfer. As the channel width increases to
2.0 mm, Ry, is 78% higher and R is 37% higher relative to the
1.0 mm channels. The increased ohmic resistance indirectly
contributes to the elevated R by limiting the electron supply,
thereby slowing the electrochemical reactions. For the 3D flow
field formed by the wavy-patterned GDL and parallel bipolar
plate, the performance decline is primarily caused by the high
R of 175 mohm e¢m? associated with poor air transport in the
parallel bipolar plate and slow water removal in the sinuous
channels of the wavy-patterned GDL.

The GDL with narrow, parallel channels exhibits a high ECSA
(Fig. S24d+t and 3g). With identical CCM and MPL, the GDL with
1.0 mm channels demonstrates a higher ECSA (110.1 + 2.3 m®
g~ ') compared to wavy-patterned GDL (101.8 + 2.5 m* g™ ') due
to more adequate reactants delivered to the catalyst layer,
thereby resulting in higher electrochemical reaction rates.
Among the straight channels, the ECSA of 0.5 mm channels is
slightly lower than that of 1.0 mm, primarily attributed to the
inefficient mass transfer. Moreover, the much lower ECSA of
1.5 mm and 2 mm channels result from the reduced contact
between the gas and the catalyst, which considerably dimin-
ishes the reaction efficiency.

The pressure drop in a 3D flow field is primarily governed by
the design of bipolar plates and does not directly correlate with
the higher PEMFC power density. As shown in Fig. 3h, the 3D
flow field constructed by the wavy-patterned GDL and parallel
bipolar plate exhibits the lowest pressure drop, which is
attributed to the low air transport resistance in the straight
channels. However, the excessively low pressure drop fails to
provide a sufficient driving force for water discharge in the flow
field. Additionally, for the same bipolar plate, changes in the
channel width in GDL show minimal effects on the pressure
drop. Subtle differences begin to emerge only when the airflow
exceeds 1200 mL min~'. Among the different channel widths,
the 1.0 mm channel exhibits the lowest pressure drop.

2.4 Excellent mass transfer over wide operating conditions
and stability of the 3D flow field

The diverse applications of PEMFCs expose them to complex
and varying environmental conditions. Therefore, it is essential
for PEMFCs to maintain excellent and stable mass transfer
performance across diverse operating conditions. Herein, we
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investigated the mass transfer of the 3D flow field through
different humidity levels and back pressures.

The 3D flow field demonstrates stable, high-performance
operation in a wide humidity range. In the range of 30% RH
to 100% RH, humidity has a negligible influence on the polar-
ization curves of the 3D flow field (Fig. 4a). As shown in Fig. 4b,
the power density at 0.6 V fluctuates by only 5%, indicating
efficient water management of the 3D flow field. Although the
conventional flow field exhibits relatively stable performance
under a wide range of humidity, the performance of the 3D flow
field significantly outperforms that of conventional flow fields,
with a minimum 40% improvement at different humidity
conditions. Additionally, even in severe dry and wet conditions
(4% RH and 150% RH), the 3D flow field demonstrates peak
power densities of 1.40 W em ™ and 1.49 W ¢cm ™2, respectively,
representing reductions of 18% and 12% compared to 60% RH.
Notably, over the wide humidity range from 4% to 150%, the
performance variation at 0.6 V is only 18%, outperforming the
25% fluctuation observed in commercial GDL. The 3D flow field
still demonstrates considerable tolerance to a wide range of
humidity, even under low air supply. At an air stoichiometric
ratio of 1.5, the performance fluctuations are limited to an 8%
range (Fig. S287t), while significant water flooding has already
occurred in the conventional flow field at high humidity,
leading to a decline in performance. Consequently, the excel-
lent humidity tolerance of the 3D flow field will reduce the need
for precise humidity control, thereby lowering parasitic power
consumption and contributing to the more cost-effective
PEMFCs system.*

The 3D flow field demonstrates remarkable mass transfer
potential with moderate applied back pressure. Due to the
increased reactant partial pressure and accelerated electrode
reaction kinetics induced by back pressure,*® the performance
of both 3D and conventional flow fields is improved substan-
tially as the back pressure increases from 0 kPa to 100 kPa
(Fig. 4c and S29t). However, as the back pressure increases
further to 150 kPa and 200 kPa, the performance tends to
stabilize, which may be attributable to the increased membrane
resistance, as previously reported.*”

Outstandingly, the 3D flow field consistently outperforms
the conventional flow field at all back pressures, as shown in
Fig. 4d. Specifically, the power density at 0.6 V shows a 31% and
40% enhancement over the conventional flow field at 0 kPa and
100 kPa respectively, indicating its excellent mass transfer
capability. Furthermore, the 3D flow field demonstrates supe-
rior high-performance potential under back pressure-assisted
conditions. It demonstrates a greater performance improve-
ment with 57% (from 0.97 W em ™ to 1.53 W ecm ™ ?) as the back
pressure varies from 0 kPa to 100 kPa, while the conventional
flow field increases by 47% (from 0.74 W ecm ™2 to 1.1 W cm ™ 2).
Consequently, 100 kPa is identified as the optimal back pres-
sure for the 3D flow field in PEMFCs, achieving high perfor-
mance without the need for higher pressures, which will reduce
the parasitic power consumption of air compressors and
enhance overall energy efficiency.*®

In addition, the constant current discharge process under 40
A (about 2.7 A cm ™ ?) of the 3D-patterned GDL for 100 h was

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Fuel cell performance and stability of the 3D flow field under different humidity and back pressure. (a) Polarization curves of the 3D flow
field under different humidity levels (4% RH to 150% RH) at an air stoichiometric ratio of 2.5. The back pressure is maintained at 100 kPa. (b)
Comparison of power density at 0.6 V under different humidity levels with an air stoichiometric ratio of 2.5. (c) Polarization curves of the 3D flow
field under different back pressures at an air stoichiometric ratio of 2.5. The humidity is maintained at 60% RH. (d) Comparison of power density at
0.6 V under different back pressures with an air stoichiometric ratio of 2.5. (e) Stability test at 40 A (approximately 2.7 A cm™2). (f) Polarization

curves at the beginning of life (BOL) and end of life (EOL).

recorded and is shown in Fig. 4e. During the long-time
discharge, the voltage fluctuates within the range of 0.566 V to
0.506 V, with an attenuation of roughly 10.6%. This further
demonstrates that the 3D flow field exhibits robust water
management ability, with negligible flooding under a high
current density operation. The polarization curves before and
after the long-term test are also compared (Fig. 4f). The peak
power density decreases only slightly from 1.66 W cm™? to
1.61 W cm™?, with a reduction of merely 3%. These results
exhibit excellent water drainage in the 3D flow field and
minimal structural or compositional deterioration in the GDL
after 100 h of continuous operation.

This journal is © The Royal Society of Chemistry 2025

2.5 Mechanism analysis of the 3D flow field

An ex situ visualization experiment was designed to further
investigate the water dynamic behavior in the 3D flow field. As
shown in Fig. 5a and S31,f the visualization fixture comprises
four components: a transparent acrylic end plate engraved with
waveform flow channels in accordance with the flow field
parameters in the bipolar plate used above, a PTFE gasket, the
GDL, and a blank acrylic end plate with gasket. The 3D flow field
is composed of the waveform flow channels on the end plate
and the 3D patterns on the GDL. A volume of 50 pL liquid water
was injected into the fixture through the inlet, and then a 120
mL min~" airflow was continuously introduced to blow out the
liquid water. A camera is positioned beside the end plate with
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flow channels to record the water flow in the 3D flow field, and
the field of view is 0.8 cm x 3 cm. The moment when air began
to flow was counted as 0 seconds.

The liquid water is completely expelled from the fixture in
just 0.8 seconds (Video S17). As shown in Fig. 5b, at 0 seconds,
water (colored in blue) in the flow field begins to move towards
the outlet under airflow (Fig. 5b1). By 0.2 seconds, a substantial
portion of water has been swept away (Fig. 5b2). The main
pathways of liquid water are the straight channels on the 3D-
patterned GDL instead of the end plate on the wavy channels.

J. Mater. Chem. A

Due to the narrow size and superhydrophobic nature of the
straight channels on the 3D-patterned GDL, liquid water flows
fast and has little resistance. By 0.6 seconds (Fig. 5b3), little
water remains around the outlet, and by 0.8 seconds (Fig. 5b4),
almost all injected water has been expelled. Because of the
rough engraved surface, very little water remains in the wavy
channels on the endplate.

In contrast, in a conventional flow field, water is removed at
a much slower rate. It takes as long as 12 seconds for water
drainage (Video S21 and Fig. 5¢), which is 14 times longer than

This journal is © The Royal Society of Chemistry 2025
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the 0.8 seconds in the 3D flow field. There are two main reasons
why liquid water flows slowly in the conventional flow field: the
longer flow channels and weaker hydrophobicity. The wavy flow
channels provide liquid water with longer non-linear pathways,
leading to slower drainage. Also, the weaker hydrophobicity of
flow channels on the endplate creates greater resistance to the
flow of liquid water. Therefore, the ex situ experiment proves
that the 3D flow field realizes a significantly higher drainage
efficiency compared with the conventional flow field.

On the one hand, the enhanced mass transfer of the 3D flow
field comes from the porous ribs on the 3D-patterned GDL.
There is a more effective and sufficient oxygen supply to the
catalyst layer. As shown in Fig. 5d, the porous ribs provide good
gas permeability to achieve a uniform gas distribution and
purge the excessive water beneath the solid ribs on the bipolar
plate. However, the conventional flow field suffers from rib
compression, which forms dead or low-velocity zones for airflow
and causes water accumulation (Fig. 5e), thereby obstructing
oxygen transport to the catalyst. Therefore, the 3D flow field
overcomes the limitations of poor oxygen transport and water
accumulation beneath the ribs of conventional bipolar plates,
effectively mitigating concentration polarization in PEMFCs.

On the other hand, the 3D-patterned GDL creates excep-
tionally efficient water pathways, facilitating effective water
discharge and enabling high current densities. Apart from the
wavy channels provided by the bipolar plate, unique straight
channels are created by the 3D-patterned GDL (Fig. 5f).
Different from the simultaneous flow of air and water in the
wavy channels (Fig. 5g), water follows independent pathways
within the straight flow channels in a 3D flow field. As shown in
Fig. 5h, excessive water passes through the MPL and support
layer of the GDL into the straight flow channels, where it is
rapidly expelled under airflow, with minimal water in the wavy
channels. However, in the conventional flow channel, water and
air share the wavy channels (Fig. 5i), resulting in a longer
pathway for water removal due to the waveform structure, which
increases the likelihood of water flooding. It will not only block
oxygen pathways but also cover the active sites of catalysts,
resulting in a substantial drop in the fuel cell performance.
Therefore, the two distinct functional flow channels in the 3D
flow field achieve water-gas separation successfully and ensure
sufficient oxygen is delivered to the catalyst layer for reactions in
PEMFCs.

3 Conclusions

We have reported a 3D flow field through an innovative,
straightforward method, demonstrating exceptional PEMFC
performance (peak power density of 1.7 W cm ™) with a reduced
pressure drop and substantial application potential. A porous,
regularly 3D-patterned GDL is quickly obtained by vacuum
filtration and integrated with a conventional bipolar plate to
construct the 3D flow field structure. It features two distinct
types of functional channels that effectively facilitate highly
efficient water-gas separation and create shortcuts for rapid
water removal. Moreover, despite retaining the conventional
bipolar plate, the new design eliminates the dead or low-velocity

This journal is © The Royal Society of Chemistry 2025
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zones typically formed by the ribs of bipolar plates. Owing to its
excellent mass transfer and robust flooding resistance, the 3D
flow field achieves a 73% performance improvement over
conventional flow field at a low air stoichiometric ratio while
maintaining stable fuel cell performance across a wide
humidity range, with fluctuations limited to just 5%. Out-
performing other reported new 3D flow field designs, our 3D
flow field structure demonstrates considerable advantages
through simplified manufacturing processes and reduced costs.
The adjustability of 3D patterns through filtration molds, along
with the retention of conventional bipolar plates, further
enhances the broad applicability of the 3D flow field design
strategy proposed here.

Data availability
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