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A B S T R A C T   

Flooding of the cathode due to water accumulation is one of the biggest limiting factors in the performance of 
polymer electrolyte fuel cells (PEFCs). This study therefore attempts to solve this issue by fabricating gas 
diffusion layers (GDLs) with differently patterned hydrophobic regions. The GDLs in three different patterns 
(triangular, diamond, and inverted-triangular) were prepared by brushing a Polytetrafluoroethylene (PTFE) 
solution onto commercial carbon papers through a mask and tested in PEFCs. The patterned GDLs results in 
superior performance in all cases compared to a uniformly PTFE-treated GDL. Notably, the oxygen transport 
resistance is significantly reduced, indicating that the water accumulation in the cathode is avoided. This is 
attributed to the patterned hydrophobicity gradient providing distinct pathways for water and oxygen. The GDL 
with triangular patterning displays the highest peak power density, due to the fact that the untreated less hy-
drophobic region is in direct contact with the cathode outlet in this case, facilitating the removal of excess liquid 
water. Overall, the study confirms that the GDLs with patterned hydrophobicity could be used to enhance the 
performance of commercial PEFC systems by facilitating water management, potentially leading to improved 
efficiency and durability.   

1. Introduction 

Polymer electrolyte fuel cells (PEFCs) are clean energy conversion 
devices which are a key focal point of the newly emerging hydrogen 
economy [1–3]. This is because they exhibit high efficiency, operate at 
relatively low temperature, and display rapid start-up [4–6]. Typically 
PEFCs comprise flow field plates with embedded gas channels, current 
collectors, gaskets, and a membrane electrode assembly (MEA) [7]. The 
MEA is at the heart of the PEFC, and consists of the polymer electrolyte 
membrane, electrocatalyst layers, and gas diffusion layers (GDLs). The 
porous GDL enables the exchange of reactant gases and product water 
between flow field channels and the catalyst layers (as well as providing 
electrical contact). As such, it plays a significant role in both the mass 

transport of reactant gases and the management of water [8]. 
The GDL is typically a woven carbon fibre paper containing rela-

tively large pores to facilitate mass transport. However, at high current 
density, the rate of water generation at the cathode electrocatalyst can 
block these pores, resulting in a voltage drop due to mass transport 
limitation of the reactant gases. This is known as flooding and is one of 
the biggest limiting factors in PEFC performance. Water management in 
PEFCs is therefore critical, and the GDL is typically treated with a hy-
drophobic agent to aid the removal of excess water from the cathode. 

Polytetrafluoroethylene (PTFE) is a common hydrophobic polymer 
that is generally used to treat the GDLs. The selected loading of PTFE on 
the GDL is a trade-off between adding enough material to obtain suffi-
cient hydrophobicity, without compromising the porosity or electrical 
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conductivity. Several groups have investigated the effect of varying the 
PTFE content on the GDL characteristics. For example, Giorgi et al. [9] 
reported that GDL porosity decreases as the PTFE content increases, 
obtaining optimal performance with a PTFE content of a 20 wt%, and 
also confirming that flooding really occurs when untreated GDLs are 
used. Similarly, Velayutham et al. [10] reported an optimum PTFE 
content of 23 wt%. 

Meanwhile, Park et al. [11] reported that the rate of water removal 
form the GDL decreases as PTFE loading increases, hence showing that 
water evaporation and the shear force play a major role in water 
transport rather than capillary pressure. 

We previously showed that the in-plane gas permeability of GDLs 
decreases as PTFE loading increases [12], whilst a maximum in through- 
plane permeability is reached at a PTFE loading of 5 wt% [13]. Also, we 
showed that the in-plane electrical conductivity is not affected by PTFE 
content, whereas the through-plane contact resistance increases signif-
icantly with PTFE content [14]. Similarly, we showed that the in-plane 
thermal conductivity slightly increases with increasing PTFE loading 
(attributed to the reduction in contact resistance), but that the through- 
plane thermal conductivity significantly decreases with PTFE content, 
owing to the relatively low thermal conductivity of PTFE [15 16]. 
Fishman and Bazylak [17] investigated the impact of PTFE treatment on 
the distribution of the through-plane local porosity of the GDL. They 
observed that the PTFE treatment led to a decrease in porosities near the 
surface regions and PTFE distribution is not uniform throughout the 
GDL. 

Meanwhile, Mortazavi and Tajiri [18] investigated the effect of PTFE 
content on the dynamic behaviour of water droplets, showing that the 
droplet detachment diameter decreased for higher PTFE contents, 
attributed to reduced GDL roughness. Furthermore, in the case of un-
treated GDLs, droplet detachment was not observed because of the 
significantly lower contact angle. 

Alternative hydrophobic polymers to PTFE have also been investi-
gated, including perfluoropolyether (PFPE) [19,20], fluorinated 
ethylene propylene (FEP) [21,22], and polyvinylidene fluoride (PVDF) 
[23,24]. Similarly, we have previously investigated the application of 
superhydrophobic fluorinated carbon materials to enhance water man-
agement in GDLs [25,26]. 

One proposed method to further enhance water management is to 
provide separate hydrophobic and hydrophilic regions within the GDL. 
This is expected to provide separate mass transfer pathways for oxygen 
gas and liquid water, thereby reducing the instances of flooding. This 
has been attempted by several groups, using various different methods. 
For example, Forner-Cuenca et al. [27] treated GDLs with a hydrophobic 
FEP solution, applied a patterned mask, subjected the exposed surfaces 
to an electron beam to generate reactive radical sites, then immersed the 
GDL in a N-vinylformamide monomer solution to generate patterned 
hydrophilic sites via radiation grafting polymerisation. This resulted in 
enhanced PEFC performance due to the mitigation of flooding. In sub-
sequent studies [28–30], the same research group replaced N-vinyl-
formamide with acrylic acid as the hydrophilic monomer, resulting in 
similarly improved PEFC performance. Similarly, Manzi-Orezzoli et al. 
[31] used radiation grafting polymerisation to modify a FEP-treated 
GDL using hydrophilic N-vinylformamide, reporting that this reduced 
the capillary pressure required to transport water through the channels, 
lowering the pressure drop within the fuel cell, and ultimately 
improving performance stability. As such, radiation grafting polymeri-
sation is a promising method to induce patterned hydrophobicity to 
GDLs, however processing GDLs via radiation grafting is expected to be 
costly and time-consuming [32]. 

Meanwhile, Utaka et al. [33] treated GDLs with alternating stripes of 
PTFE and titanium oxide and observed the formation of water-free ox-
ygen diffusion pathways in the hydrophobic PTFE regions leading to 
enhanced oxygen diffusivity, whilst liquid water in the hydrophilic ti-
tanium oxide regions contributed to hydration of the electrolyte mem-
brane. Similarly, Chun et al. [34] airbrushed mixtures of FEP and carbon 

black through a shadow mask to create hydrophobic stripes, before 
shifting the shadow mask across and airbrushing the remaining areas 
with pure carbon black to create hydrophilic stripes. They reported that 
increasing the FEP content in the hydrophobic stripes from 10 to 40 % 
resulted in faster water removal from the cathode catalyst layer. 

Zhang et al. [35] used a simpler method, whereby they took a con-
ventional PTFE-treated GDL, covered it with a metallic mask, and per-
formed heat-treatment such that the air-exposed regions were rendered 
more hydrophilic. The mask was designed to match the pattern of the 
gas flow channels in the flow field. The reported contact angles of the 
hydrophilic and hydrophobic regions were 75 and 126◦, respectively, 
resulting in improved PEFC performance. The same research group [36] 
later modified the above method and combined it with ultrasonic 
spraying to create a hydrophilic-hydrophobic-patterned GDL with 
stripes of varying pitches of 1, 2 and 3 mm, reporting that a 2 mm pitch 
increased the peak power density by 30 % compared to a conventional 
GDL. 

Chen et al. [37] obtained point-, line-, and flower-like patterns on the 
surface of MPLs by recrystallization and pyrolysis of ammonium chlo-
ride with different contents in order to improve the removal of excess 
water and the diffusion of reactant gases. They found that a porosity- 
graded MPL with a flowerlike pattern showed the best performance, 
and this is due to the fact that the graded porosity facilitates the water 
removal from the catalyst layer while the flowerlike pattern accelerates 
the diffusion of the reactant gases between the catalyst layer and the 
MPL. 

Yu et al. [38] applied a three-dimensional lattice Boltzmann model to 
investigate the dynamics of liquid water flowing through three GDLs 
with different PTFE distribution: GDL uniformly treated with PTFE, GDL 
with half PTFE treatment in the through-plane direction, and GDL with 
half PTFE treatment in the in-plane direction (sandwich-like PTFE- 
treated). They showed that the PTFE-treated regions in the non- 
homogenous configurations drive the liquid water, whereas the un-
treated regions are completely flooded with water. In a later work, the 
same research group [39] investigated the effect of the inhomogeneous 
PTFE distribution in the through-plane direction of the GDL on the two- 
phase transport using the lattice Boltzmann method. Their findings 
revealed that the PTFE covering the superficial fibres in the non-uniform 
configuration increases the water contact angle and subsequently im-
proves liquid water removal. 

Finally, Koresawa and Utaka [40] used vacuum suction of PTFE 
dispersion through a patterned mask to fabricate GDLs with the dotted 
and striped hydrophobic regions, reporting oxygen diffusivity three 
times higher compared to uniformly-treated GDLs. Importantly, they 
found that the oxygen diffusivity did not depend upon the pattern, but 
on the overall area of the hydrophobic region through which the liquid 
water is mostly expelled. 

In this study, considering the above works, we propose a single 
method to create patterned hydrophobicity on GDLs. First, we propose a 
single treating step through a patterned mask onto a heated stage, to 
take advantage of the intrinsically less hydrophobic nature of carbon 
paper compared to PTFE-treated region (rather than treating with two 
different materials or performing complex electron irradiation or vac-
uum suction steps). Further, we determine the optimal PTFE loading, 
and then investigate three different configurations of patterned hydro-
phobicity: (i) diamond-like, (ii) triangular, and (iii) inverted-triangular 
configurations. The choice of these patterns is motivated by their 
simplicity, offering ease of application and potential for practical 
implementation in the fuel cell industry. The water contact angle, 
electron conductivity and microstructure of the GDLs are characterised, 
then they are tested in PEFCs and the oxygen transport resistance is 
measured. 
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2. Experimental methods 

2.1. Preparation of GDLs 

Commercially available and untreated Toray GDLs with 1 cm2 (TGP- 
H-060 Toray Paper, 190 µm) were first washed in ethanol (99.5 vol%, 
Wako, Japan) to remove possible impurities from the surface and pores. 
They were then dipped into a solution of 2.5 wt% PTFE (diluted from 60 
wt% PTFE dispersion TeflonTM 30B from Polysciences, Inc) for 1 s then 
removed and dried to create uniformly PTFE-treated GDLs that were 
used as reference sample. 

Meanwhile, patterned GDLs were fabricated by placing untreated 
Toray-GDLs on a hot stage at 90 ◦C and clamping a machined stainless- 
steel mask over them. The unmasked areas were then carefully brushed 
with 2.5 wt% PTFE solution, whilst the high temperature facilitated 
rapid evaporation of the solvent, preventing bleeding into the masked 
areas. Finally, all treated GDLs were sintered for one hour at 380 ◦C in 
air to melt the PTFE before being cooled to room temperature. It is 
important to note that the weight of the GDL samples was systematically 
measured both before and after PTFE treatment, as well as after sintering 
the samples, to confirm the achievement of PTFE loading within the 
specific range of 6 and 8 wt%. 

2.2. Water contact angle measurements 

The surface water contact angles (WCAs) of the fabricated GDLs were 
measured adopting the pendant drop method and using a contact angle 
goniometer (Goniometer FTÅ 200, UK) equipped with a high-resolution 
camera. A small volume of water (1–2 µl) was dispensed onto the surface 
of the sample to minimise the effect of gravity. WCAs were obtained 
from acquired images manually using a protractor as the native software 
was not able to accurately capture the borders of the droplets and the 
surface of the GDL. WCAs were measured for both the right- and left- 
hand sides of the droplet, and repeated for at least 5 droplets on each 
sample. The data was then averaged and the 95 % confidence interval 
was calculated. 

2.3. In-plane electrical conductivity measurement 

The GDL specimens were prepared for conductivity tests by cutting 
them using a scalpel into rectangular-shaped samples with 2.5 cm width 
and 7 cm length. Five samples, two of which were obtained by cutting 
the sheet in a direction perpendicular to that of the first three samples, 
were prepared by cutting from the same GDL sheet. The in-plane elec-
trical conductivity measurements of the GDL samples were conducted 
using the four-probe method [41,42]. A constant current was applied 
through the “external” two electrodes and the resistance, R (Ω) was 
computed by dividing the voltage measured by the “internal” two 
electrodes by the above current. Then, the electrical resistivity, ρ was 
calculated using the following formula [41]: 
ρ = CtR (1)  

where t is the thickness of the GDL (i.e., 190 µm) and C is the correction 
factor determined by the dimensions of the GDL sample and spacing 
between the probes [41]. In this study, the resulting correction factor is 
0.9973. The electrical conductivity, σ (S/m), was obtained as follows: 
σ = 1/ρ (2)  

2.4. Surface morphology 

The surface morphology of GDL samples was evaluated using scan-
ning electron microscopy (JSM-6010LA, Jeol, UK). The GDL sample was 
mounted onto an SEM stub using a double-sided carbon tape. The SEM 
instrument was operated at an acceleration voltage of 20 kV. Other 
imaging parameters, such as working distance and magnification, were 

adjusted as needed for optimal image quality and resolution. 

2.5. Cell assembly 

Pt/C particles (TEC10E, 46.8 wtpt %, Tanaka, Japan) were mixed 
with 5 wt% Nafion solution (Wako, Japan), deionized water, and super- 
dehydrated ethanol (99.5 vol%, Wako, Japan) to prepare a catalyst ink 
solution for MEA preparation. The catalyst ink was sonicated in an ul-
trasonic homogenizer (UH-600, SMT Corporation) for 30 min immedi-
ately before spraying it onto the membrane. The ink was then sprayed 
using an automated spraying machine (Nordson K.K, C3J) onto both 
sides of a Nafion 212 membrane placed onto a heated plate (60 ◦C) and 
masked to obtain a 1 cm2 active area with 0.3 mg Pt loading and a 
Nafion content of 28 wt%. The sprayed membrane was then hot-pressed 
at 132 ◦C and 0.3 MPa for 3 min (Sinto Digital Press CYPT-10, Japan). 
The resulting catalyst-coated membrane was sandwiched between two 
GDLs and placed into a Japanese Automotive Research Institute (JARI) 
cell with serpentine-type flow fields to form a fuel cell assembly. 5 wt% 
PTFE 190 µm Toray-GDL (TGP-H-060 Toray Paper) was used at the 
anode. 

2.6. Single cell polarisation measurement 

Fuel cell performance tests were carried out in a fuel cell test station 
(AUTOPEM-CVZ01, Toyo Corporation, Japan) connected to an electro-
chemical interface impedance analyser (Solartron SI-1287, Japan) and a 
frequency analyser (SI-1222B, Japan). Polarisation curves of the fuel cell 
with uniformly PTFE-treated GDLs (i.e., the reference case) and with 
different patterned hydrophobic GDLs at the cathode were obtained at a 
cell temperature of 80 ◦C and 100 % relative humidity. The constant 
flow rates in counter-flow conditions were 0.139 L/min for the humid-
ified hydrogen stream and 0.332 L/min for the humidified oxygen 
stream. Each test was conditioned by operating the fuel cell at 0.6 V for 
three hours before measuring the polarisation curves. The cell resistance 
was obtained from the impedance spectroscopy at 0.05, 0.1, and 0.2 A 
direct current loading and subsequently averaged. 

2.7. Oxygen transport resistance 

The flow rate of reactant gases was set to 1 L/min for both sides of the 
fuel cell to measure the oxygen transport resistance. The oxygen con-
centration was set at 2 vol% and balanced with nitrogen at the cathode 
side. The limiting current density was measured at 80, 85, 90, 95, and 
100 % relative humidity at 80 ◦C cell temperatures for each GDL sample. 
The total oxygen transport resistance was calculated as follows [25]: 

Rt =
4FPO2

IlimRT
(3)  

where Rt is the total oxygen transport resistance of the fuel cell (s/m). 
PO2 is the partial pressure of oxygen (Pa), Ilim is the limiting current 
density at 0.2 V and T is the temperature of the fuel cell (K). F and R are 
the Faraday’s constant (96485 C/mol) and the universal gas constant 
(8314 J/(mol.K)), respectively. 

3. Results and discussion 

3.1. GDL characterisation 

Commercially available GDLs with varying PTFE loadings were first 
characterised to gain insights into the optimal amount of PTFE that 
should be used for the GDLs with the patterned hydrophobicity. The aim 
is to find the lowest acceptable PTFE loading that can be used to induce 
hydrophobicity, without compromising the porosity or conductivity of 
the GDL. The contact angle for the untreated GDL ((i.e., 0 % PTFE 
content) is 128◦ ± 3 and this significantly increases to 150◦ ± 2 for 5 wt 
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% PTFE loading (Fig. 1). No further increase in contact angle is observed 
for higher PTFE loadings. Similar studies conducted by Benziger et al. 
[43], Fairweather et al. [44], Mortazavi and Tajiri [18] and Ismail et al. 
[45] all report similar results. As such, it is clear that 5 wt% PTFE is 
sufficient to result in reasonable GDL hydrophobicity. Another defining 
aspect of the wettability of the GDL is the water breakthrough pressure. 
This refers to the pressure at which liquid water permeates through the 
porous GDL. Mortazavi and Taraji [46] conducted an experiment to 
determine the water breakthrough pressure of TPG-H-060 Toray carbon 
papers with varying PTFE loading. They found that treating the surface 
of the GDL with a certain amount of PTFE (i.e., 10 wt%) increases the 
water breakthrough pressure. However, increasing the PTFE loading 
beyond that has almost negligible effect on the water breakthrough 
pressure. Their finding are consistent with our results that the highlight 
the impact of PTFE loading on the contact angle of the GDL (Fig. 1). 

The electrical resistivity of three samples for each GDL was then 
measured to calculate the in-plane electrical conductivity in two 
different perpendicular in-plane directions. Fig. 2 depicts the values of 
the in-plane electrical conductivity of the GDL as a function of PTFE 
content in the two perpendicular principal directions that were arbi-
trarily designed as 0◦ and 90◦. Since PTFE is an electrically insulating 
material, one expect that the electrical conductivity of the GDL would 
decrease as the PTFE loading increases. However, the experimental re-
sults indicate that there is no particular trend in electrical conductivity 
with increasing PTFE. This could be attributed to the fact that the PTFE 
particles tend to discontinuously stick to the carbon fibres [14], such 
that the conductive pathways remain largely unaffected. Further, it was 
observed that the conductivity is the same in both orientations, attrib-
uted to the random orientation of the carbon fibres, leading to lateral 
isotropy (i.e., that the physical characteristics are uniform in all in-plane 
orientations). 

Micrographs of the GDLs confirm the isotropic orientation of the 
individual carbon fibres (Fig. 3). Furthermore, they reveal some degree 
of webbing, especially at the apexes between the individual carbon fi-
bres (Fig. 3). The degree of this webbing appears to increase as the PTFE 
loading increases as expected, and likely result in decreased GDL 
porosity [18]. 

To avoid any decrease in porosity which may be detrimental to GDL 
performance, and since the contact angle and the electrical conductivity 
are not dependant on PTFE loading (Fig. 1 and Fig. 2), relatively low 
PTFE loading (6–8 %) was applied to untreated Toray carbon papers to 
create GDLs with patterned hydrophobicity. This has the added 

advantage of reducing the amount of required PTFE in the GDL, leading 
to reduced system costs. 

Patterned GDLs with four different geometries were prepared for 
electrochemical tests: (i) a uniformly treated reference GDL (Fig. 4a); (ii) 
diamond-like geometry (Fig. 4b); (iii) triangular geometry (Fig. 4c); and 
(iv) inverted-triangular geometry (Fig. 4d). A noticeable contrast is 
observed in photos of the GDLs between the PTFE-treated regions 
(darker) and untreated regions (lighter). For comparative purposes, a 
consistent 1:1 ratio between PTFE-treated and untreated regions was 
maintained in all the patterned GDLs. 

Meanwhile, the cathode side endplate of the fuel cell is displayed in 
Fig. 4e, showing the locations of the oxygen inlet and outlet. It should be 
noted that the flow channels are fully covered by the GDL samples and in 
the case of the triangular patterned GDL, the untreated region of the GDL 
is in direct contact with the cathode outlet, whilst the PTFE-treated re-
gion is in direct contact with the cathode outlet in the case of the 
inverted-triangular pattern (Fig. 4f). 

Fig. 5 shows SEM micrographs of the treated and untreated regions of 
the triangular patterned GDL. In contrast to the photographs in Fig. 4c, 
the PTFE-treated regions are brighter than the untreated regions in this 
case. This is because the PTFE-treated regions include fluorine atoms 
which have a higher atomic number than carbon (9 versus 6), thus 
tending to generate more backscattered electrons when subjected to 
SEM electron beams, resulting in a brighter appearance compared to 
untreated regions [47]. 

Fig. 6 shows images of water droplets residing on the surfaces of the 
various GDLs. The contact angle of the untreated GDL (127◦, Fig. 6a) and 
the uniformly PTFE-treated GDL (149◦, Fig. 6b) correspond closely with 
those of untreated (125◦,Fig. 6c) and PTFE-treated (148◦, Fig. 6d) re-
gions of a patterned GDL. This confirms that distinct regions of differing 
hydrophobicity can be created within the GDL using the simple methods 
employed here. Meanwhile, it is of note that the water droplets tended to 
readily migrate from higher hydrophobic PTFE-treated regions along the 
hydrophobicity gradient towards the relatively less hydrophobic un-
treated regions during the measurement. This provides some initial 
indication that these patterned GDLs could be able to enhance mass 
transport under fuel cell operation by preferentially directing liquid 
water towards the less hydrophobic regions. 

3.2. Fuel cell performance 

Fig. 7 shows the IR-free cell voltage and the power density as a 
function of current density for a fuel cell operating with the GDLs, 

Fig. 1. Water contact angle of uniformly treated GDLs as a function of 
PTFE content. 

Fig. 2. The in-plane electrical conductivity of uniformly treated GDLs as a 
function of PTFE content measured in two perpendicular orientations (0◦

and 90◦). 
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Fig. 3. SEM images of uniformly treated GDLs with (a) 0 %, (b) 5 %, (c) 10 %, (d) 20 %, (e) 30 %, (f) 40 % and (g) 50 % PTFE loading.  
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investigated at a cell temperature of 80 ◦C and under fully humidified 
conditions. These polarisation curves demonstrate a noticeable 
enhancement when using the patterned GDLs compared to the uniformly 
PTFE-treated GDL. The improvement is more profound in the high 
current density region where the fuel cell is mass transport resistance 
limited and more susceptible to water flooding. The corresponding 
limiting current densities were measured to be 1.23, 1.35, 1.48, and 1.24 
A/cm2 for uniformly PTFE-treated, diamond-like patterned, triangular 
patterned, and inverted-triangular patterned GDLs, respectively. The 
power density curves follow the same trend, with maximum values of 
0.54, 0.60, 0.64 and 0.57 mW/cm2, respectively. 

Meanwhile, Fig. 8 shows the oxygen transport resistance for the 
investigated GDLs. In all cases, the GDLs with patterned wettability 
exhibit significantly lower oxygen transport resistance than the uni-
formly PTFE-treated GDL, across a wide range of relative humidity. 
Furthermore, the GDL with a triangular wettability pattern exhibits the 
lowest oxygen transport resistance. This favourable outcome can be 
attributed to the unique arrangement of triangular pattern, which 

enhances oxygen diffusion pathways and minimises water accumulation 
within the GDL. This design facilitates efficient oxygen transport to the 
cathode catalyst layer, mitigating mass transport losses and contributing 
to superior fuel cell performance. On the other hand, the GDL with an 
inverted-triangular pattern displays the highest oxygen transport resis-
tance amongst the patterned GDLs; this is directly linked to increased 
mass transport losses, particularly at high current densities, due to the 
reduced capability of this patterned GDL to adequately remove excess 
liquid. Elevated oxygen transport resistance signifies constrained oxy-
gen flow to the cathode catalyst layer, resulting in a reduction of reac-
tion rate and, consequently, an inferior fuel cell performance. 

These findings confirm that employing GDLs with patterned hydro-
phobicity can improve oxygen transport to the catalyst layer and 
therefore lowering mass transport losses. Namely, the water produced at 
the cathode catalyst layer mainly transport to the untreated regions of 
the patterned hydrophobic GDLs, establishing continuous pathways for 
water removal from the cathode catalyst layer to the flow channels. This 
leaves the higher hydrophobic regions available to facilitate oxygen 

Fig. 4. Photographs of the patterned GDLs: (a) uniformly treated; (b) diamond-like pattern; (c) triangular pattern; (d) inverted-triangular pattern and (e) the cathode 
side of the fuel cell. (f) The sketch of the cathode flow-field plate showing the position of the GDLs. In the schematic view, blue regions in the GDLs represent PTFE- 
treated areas while grey regions depict untreated areas. 
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transport through the GDL to the catalyst layer, unhampered by flooding 
at high current density. 

Meanwhile, the difference in performance between the triangular 
and inverted-triangular patterning can be attributed to the position of 
the cathode outlet. Specifically, the triangular configuration allows for 
the direct contact between relatively less hydrophobic untreated region 
of the GDL and the cathode outlet. This arrangement facilitates water 
removal in the in-plane direction as the hydrophobicity gradient drives 
water from the more hydrophobic PTFE-treated regions to the relatively 
less hydrophobic untreated region. The latter region is in direct contact 
with the cathode outlet where water removal is driven by water con-
centration difference in the through-plane direction, thus ultimately 
resulting in the lowest oxygen transport resistance amongst the three 

patterned GDLs. As such, the positioning of the fuel cell outlet relative to 
the patterned regions on the GDL should be carefully considered. 

This investigation primarily focused on fixed orientations of the 
patterned GDLs. However, in follow-up studies, it will be of great in-
terest in to investigate the impact of the rotation of the triangular and 
inverted-triangular patterned GDL samples (and subsequently the 
impact of the relative position between the treated/untreated regions of 
the GDL and the cathode outlet) on the fuel cell performance. 

Notably, MPL coating has not been applied to the patterned hydro-
phobic GDLs in this study. This exclusion, at this stage, aims to solely 
focus on the impact of patterned hydrophobic GDLs on the fuel cell 
performance and eliminate a layer of uncertainty by including the MPLs. 
However, for the interplay between MPL coating and the hydrophobic 

Fig. 5. SEM micrographs of the triangular patterned GDL showing: (a) the apex of the triangle pattern; (b) the interface between the treated (right) and the untreated 
regions (left); (c) a higher magnification image of the untreated region; and (d) a higher magnification image of the PTFE-treated region. 

Fig. 6. Images of water droplets residing on the surfaces of GDLs along with the measured water contact angles for: (a) an untreated GDL; (b) a uniformly treated 
GDL; (c) the PTFE-treated region of a patterned GDL; and (d) the untreated region of a patterned GDL. 
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GDL pattern and its impact on the fuel cell performance is equally sig-
nificant and warrants future investigation. 

4. Conclusion 

Flooding is a major issue in PEFCs and occurs when water generated 
at the cathode restricts the flow of oxygen from the gas channels through 
the GDL to the electrocatalyst. In this work, GDLs patterned with hy-
drophobicity gradient were fabricated to create distinct channels for 
water and oxygen transport, respectively. Three different patterns were 
formed simply by brushing the GDLs with a PTFE solution through a 
metal mask: (i) triangular; (ii) diamond-like; and (iii) inverted- 
triangular. 

Surface treatment with 6–8 % PTFE loading was sufficient to achieve 
the desired level of hydrophobicity without compromising porosity or 
conductivity – higher PTFE loadings resulted in no additional increase in 
contact angle. 

Under fully humidified conditions and at a cell temperature of 80 ◦C, 

all the patterned GDLs successfully demonstrated improved fuel cell 
performance compared to uniformly treated GDLs, especially in the high 
current density region (>0.8 A/cm2). Notably, the patterned GDLs also 
displayed lower oxygen transport resistance, confirming that the hy-
drophobicity gradient can aid water transport out of the electrocatalyst 
layer and mitigate flooding. As part of future work, we plan to system-
atically test the performance of the patterned GDLs under supersatu-
rated conditions at low temperatures to assess their flooding mitigation 
capabilities in challenging operational environments. 

Amongst the patterned GDLs, triangular patterning resulted in the 
best fuel cell performance. This was attributed to the fact that the less 
hydrophobic untreated region of the GDL was in contact with the 
cathode outlet, further facilitating removal of excess water from the cell. 
Overall, this work confirms that providing dedicated hydrophobicity 
gradient in the GDL for independent water and gas transfer via a simple 
masking technique can result in significant improvement in the fuel cell 
performance. 

Our study on patterned hydrophobic GDLs for PEFCs demonstrates 
promising results with lower PTFE loading. While existing literature 
suggests an optimal PTFE content of around 20 wt% for uniformly PTFE- 
treated GDLs (see, for example, [9;10]), this generalisation may not 
necessarily apply to patterned hydrophobic GDLs. Therefore, it will be of 
interest in the future to optimise the PTFE content for patterned hy-
drophobic GDLs. 
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Fig. 7. (a) IR-free cell voltage and (b) power density as a function of current density at cell temperature of 80 ◦C and 100 % RH for uniformly PTFE-treated, diamond- 
like patterned, triangular patterned and inverted-triangular patterned GDLs. 

Fig. 8. Oxygen transport resistances for uniformly PTFE-treated, diamond-like 
patterned, triangular patterned and inverted-triangular patterned GDLs, 
measured at different values for relative humidity. 
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