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Cost reduction of clean hydrogen is of utmost priority to leverage widespread adoption of hydrogen technologies,
and porous transport layers (PTL) are known to be a significant cost driver for proton-exchange-membrane (PEM)
water electrolyzers. This study reveals how the key morphological defects in the PTL that arise during
manufacturing process can critically impact the performance of PEM water electrolyzers. A sintered titanium
powder PTL was chosen as the baseline configuration for this model, due to its widespread use in commercial
PEM water electrolyzers. Stochastic modelling is used to examine defects including thickness variations, positive
protrusions, pinholes, porosity variations, cracks, and negative protrusions. Pore network modelling is used to
characterize the impact of each defect on the transport properties, including single-phase and two-phase
permeability as well as oxygen saturation profiles. Simulation results reveal that thickness variations and posi-
tive protrusions are defects that severely affect electrolysis, stemming from poor contact with the catalyst layer.
They also significantly reduce single-phase permeability by increasing tortuosity. Furthermore, thickness vari-
ations and positive protrusions reduce water’s effective permeability by causing flooding of oxygen gas, pre-
venting reactant water from reaching reaction sites. In contrast, cracks, negative protrusions, and pinholes are
defects with minor impact on electrolysis. In fact, they enhance the single-phase and two-phase permeability of
liquid water in the through-plane direction. Finally, we suggest an effective remediation strategy for certain
defects, which is to simply reorient the defect PTL during cell assembly to mitigate the negative impacts.
Implementing these strategies will contribute in reduction of capital costs for PEM water electrolyzers.

1. Introduction built on a premise that hydrogen is produced with a low carbon foot-

print. 76% of the hydrogen produced today is derived from natural gas,

Concerns on climate change is becoming a serious issue as recent
studies show that Earth has exceeded 1.5 °C of warming for the first time
in 2025 compared to the preindustrial era [1]. This highlights the
importance of developing decarbonization technologies to combat
climate change. The industrial sector currently contributes up to 21% of
global greenhouse gas emissions, with the production of chemicals,
minerals, and metals responsible for nearly 93% of industrial CO2
emissions [2]. Hydrogen is a promising avenue that can decarbonize
industries such as steel and ammonia production [3]. However, this is

via steam methane reforming, whereas water electrolysis contributes
only 1-2% globally [4]. Deployment of proton exchange membrane
(PEM) water electrolyzers at larger scale is necessary to shift from
reforming of hydrocarbons to electrolysis [5]. PEM electrolyzers are
particularly appealing due to their wide range of current densities,
compact and stackable design, ability to operate dynamically with
intermittent renewable energy sources, low operating temperature, and
high pressure and volumetric flow rate production [6].

Catalyst layer (CL), PEM, and porous transport layer (PTL) are core
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components in the PEM water electrolyzer [7]. Specifically, the titanium
porous transport layer is particularly important because it is responsible
for facilitating transport of reactant water and product oxygen gas,
providing electrical conduction pathways, and supporting the mechan-
ical stability of the membrane-electrode-assembly (MEA) [8]. Moreover,
the PTL structure is known to have a dominant effect on interfacial
contact and catalyst utilization, and therefore controlling its structure is
mandatory to minimize undesired losses and reduce operating costs as
the titanium PTL contributes up 25% of the total PEM electrolyzer cost
[9,10].

Numerous studies have demonstrated the strong correlation between
electrolyzer performance and PTL structural properties, including pore
diameter distribution, porosity, tortuosity, surface roughness, thickness,
single-phase permeability, and transport properties like effective and
relative permeability [11-18]. However, the difficulty and high cost of
processing titanium—which requires high temperatures and an inert
atmosphere—restrict the development of new designs [11]. To imple-
ment novel PTL designs, Lee et al. have developed stochastic pore
network modeling to evaluating transport and structural characteristics
[12]. Previous studies primarily aimed to identify the optimal structural
features of conventional PTLs, to improve mass transport and interfacial
contact. Xu et al. [7] conducted a structural optimization study on the
porous transport layer of sintered powder titanium PTL and calculated
permeability using the lattice Boltzmann method. They recommended
that the average pore size should be over 10 pm, and the porosity should
be above 30%, since increasing pore size and porosity improve transport
but decrease interfacial contact. Lee et al. [13] used pore network
modeling to optimize the trade-off between permeability and interfacial
contact of titanium PTL powder. They recommended a pore diameter of
25 um and a porosity of 26.5% at non-starvation conditions, and the
same pore diameter with a porosity of 40.5% at starvation conditions.
Ito et al. [14] experimentally investigated felt PTL fiber sizes and po-
rosities to determine the optimal pore configurations. They indicated
that performance improved as pore size decreased for pores larger than
the threshold size of 10 pm. Liu et al. [15] used X-ray computed to-
mography imaging and image binarization to reconstruct sintered
powder PTL microstructures and used their lattice Boltzmann modeling
to indicate that higher porosity and larger pore sizes enhance mass
transport, while PTL with lower porosity and smaller pores offers better
interfacial contact.

Other works have experimentally shown that innovative PTL struc-
ture enhances electrolyzer performance. Schuler et al. [16] modified the
structure of titanium PTL to create a multilayer structure by utilizing
different microporous layers (MPLs). Their research showed that MPLs
improve contact with CL, leading to reduced mass transport losses and
higher catalyst utilization. Mo et al. [17] adjusted the thickness
parameter by creating a very thin titanium porous transport layer,
measuring 25 pm thick, using nanomanufacturing technology. The PEM
electrolyzer with this layer operated at a current density of 2.0 A/cm?
and a voltage of 1.69 V. Yang et al. [18] developed a PTL titanium felt
surface patterning method using laser processing and polytetrafluoro-
ethylene hydrophobic treatment, reducing mass transport overpotential
by 85.4% during high current density PEM operation. Lee et al. [19]
developed custom PTLs with patterned through-pores, reducing the
electrolyzer’s mass transport overpotentials by up to 76.7%. Garkusha
et al. [20] experimentally developed thin PTLs with micro-sized pin-
holes by using ultrashort laser pulses, achieving a porosity of 63%. While
these pioneering studies experimentally demonstrate the importance of
PTL structures, there is a lack of understanding on how defects in PTLs
impacts water electrolyzer performance. Various types of defects may
arise during manufacturing of porous materials, [21-23] and if it can be
identified that certain defects are not as crucial to performance than the
other, cost reduction could be substantial.

This study utilizes stochastic and pore network modeling to char-
acterize six PTLs with different defects. The defects investigated include
thickness variations, positive protrusions, pinholes, porosity variations,
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cracks, and negative protrusions. Our simulations will inform insights on
how these defect types influence both transport and structural proper-
ties, and offer quality control strategies for manufacturing facilities to
support in identifying which PTL defects could be used in the
electrolyzer.

2. Methodology

A baseline sintered titanium PTL and six defect PTLs were generated
computationally using a stochastic modeling approach. Only the un-
derlying network statistics are generated stochastically (pore diameters
and their x, y, and z coordinates), while the defect morphologies and size
ranges are deliberately prescribed. Model validation of stochastic gen-
eration was conducted in previous studies. [12,13,24] Structural prop-
erties of each defect PTL were obtained via pore network extraction, and
the two-phase transport was simulated using pore network modeling.
Additionally, tortuosity was calculated as a property that influences
single-phase transport and subsequently mass transport losses [25].
Moreover, surface roughness was evaluated as a metric to assess the
contact between the PTL and the catalyst layer [13].

2.1. Stochastic modelling of the baseline PTL

All of the PTLs investigated in this work, including baseline PTLs and
PTLs with defects, were generated using in-house stochastic models.
Sintered titanium powder-based PTLs were selected as the baseline for
this work due to their extensive use as standard anode PTLs in numerous
experimental PEMWE studies, making them a reliable reference for
modelling [26-28]. In addition, prior work on tape-cast and sintered Ti
powder sheets has shown that manufacturing parameters strongly in-
fluence the porosity, pore size, and thickness of large-area PTLs. [29]
These processing sensitivities make sintered titanium powder PTLs
particularly well suited for a defect-focused study. Furthermore, sintered
powder-based materials are widely used in the filtering industry, [30]
and the defects examined have been selected from the most common
ones. [21-23] Three base PTLs with identical structural properties
including domain size, target porosity, powder radius, and sinter-necks
were randomly generated to establish a baseline to be compared with
the PTLs defects. Although defects were only added onto Basel, gener-
ating 3 bases allowed for the computation of mean values leading to a
more reliable comparison result. The porosity profiles of the 3 baseline
PTLs are as shown in Fig. S1 in the Supporting Information. The pro-
cesses for generating baseline PTLs can be found in our previous works
and is available in the Supporting Information. [31].

2.2. Defects implementation

Fig. 1a shows the baseline PTL generated, and parts Fig. 1b ~ g
display schematics for all defect types investigated in this study,
including thickness variations, positive protrusions, pinholes, porosity
variations, cracks, and negative protrusions, respectively. These defects
were selected based on defects commonly found in titanium alloy, [21]
metal fiber sintered sheets [22], and titanium porous structures manu-
factured by electron beam and selective laser melting [23]. The first four
defects were incorporated into the baseline PTL, base #1, using a
combination of additions and subtractions of the defect feature. The
location of positive and negative protrusions and pinholes was selected
arbitrarily, with a single defect created in the baseline PTL. It is
important to note that the location and quantity of defects can signifi-
cantly influence the transport of both reactants and products. For
example, Kim et al. [32] found via synchrotron X-ray imaging that a
higher content of oxygen was observed with the use of PTL with through
pores (pinholes that pass across the PTL thickness) under both the
channels and the lands when compared to PTL with through pores only
under the channels. Protrusions of precise radius were manually added
to specific coordinates, creating a single powder protrusion onto the
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Fig. 1. Stochastically generated PTLs showing different cases: (a) baseline, (b) thickness variation defect, (c) positive protrusion defect, (d) porosity variation defect,

(e) crack defect, and (f) pinhole defect.

baseline PTL. The reverse process was applied to generate the negative
protrusion. The pinhole defect was created by precisely cutting a vertical
cylinder through the entire thickness of the baseline PTL. Lastly, the
cylindrical crack length was designed to be a surface crack at the center
of the domain (500, 500) pm with a crack length of 800 pm covering
80% of the total PTL length (1000 pm) for all crack radius cases inves-
tigated. The cylinder was then subtracted to baseline PTL base #1,
mimicking the crack defect. For the porosity variation, two PTL with
different target porosity were stochastically generated, but the width of
each was divided in half. Both PTLs were then fused side by side to
create a single PTL with two different porosities. The last defect, thick-
ness variation, was developed using only stochastic modelling. In order
to create a different thickness, the domain of the randomly generated
powder was simply modified to obtain a straight slope increasing
thickness. Powder was also added to the thicker PTL to accommodate
the larger volume while keeping a constant porosity. Therefore, the
porosity profile of the thickness variation and porosity variation differs
from the baseline PTL. Each defect was reproduced multiple times with
some variation in size to better analyze the impact of each individual
type of defect. A total of 17 PTLs with 6 distinct defect types were
created with 20 total PTLs including the three baselines.

2.2.1. Thickness variation defect

Three different thickness variations were generated and simulated
with variations of 20%, 40% and 60%. Since the original thickness was
kept constant at 250 pm, the thickness of the thickness variations line-
arly increased accordingly to 300, 350 and 400 pm.

2.2.2. Positive protrusion defect and pinhole defects

Three different-sized protrusion defects were generated with radius
of 25, 50, and 100 um, respectively. Each was added to the same co-
ordinates onto the surface of baseline PTL 1. This resulted in 3 defective
PTLs of 38% porosity, enabling individual analysis of its impact on the
performance of the PTL. Pinhole defects that pass across the full PTL
thickness were also generated with three different radius sizes of 25, 50,
and 100 um. The centroid of the cylinder representing the pinhole is
positioned in the identical location as the baseline PTL.

2.2.3. Negative protrusion defect

The same process was conducted for the negative protrusions as the
positive protrusion. However, instead of addition a sphere of 25, 50, and
100 pm, it removed any of the titanium particle that was confined within
the diameter of the protrusion, creating a massive pore at the surface of
the defective PTL.

2.2.4. Porosity variation defect

Two different porosity variation defects were generated, from the
baseline porosity of 38% to 60% and from 38% to 19%. This enables a
comparison of the baseline porosity to a more porous structure and from
the baseline porosity to a less porous structure.

2.2.5. Crack defect

Three crack defects were generated with radius sizes of 5, 10, 25 pym.
Although in-house modelling enables the crack to be rotated in any
angle parallel to the in-plane direction of the PTL, cracks in this study
remained parallel to the in-plane axis. Position of the crack remained
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identical throughout all three radius sizes.

2.3. Extraction of pore network

The Subnetwork of an Over-segmented Watershed (SNOW) algo-
rithm developed by Gostick [33] is used for pore network extraction.
The 3D coordinates, diameters, and volumes of pores and throats for
each generated defect PTL were extracted from binary images to
construct a pore and throat network for pore network modeling. Addi-
tionally, non-physical isolated pores were eliminated.

2.4. Pore network modelling

An open-source modelling package, OpenPNM [34], was used to
conduct pore network modelling in this work. The two-phase flow is
calculated using an invasion percolation algorithm to simulate drainage.
Hydrophilicity and hydrophobicity are explicitly included via the con-
tact angle: water is the wetting phase, oxygen is the non-wetting phase,
and the oxygen-titanium contact angle is explicitly defined as 150° in
the model. The basis of two-phase transport using pore network
modelling has been explained in our previous work [35]. The effect of
electrochemical reactions on gas production is represented through
three oxygen inlet-coverage levels (10%, 50%, and 95%), representing
low, medium, and high current density operation. A 95% oxygen
coverage was chosen to realistically depict an operating condition where
the CL/PTL interface is nearly flooded with oxygen gas at high current
densities.

The following assumptions were used in the model: 1) The pores
occupied with specific species is considered closed, in calculation of
permeability of the other species. 2) Viscous forces are neglected and it
is assumed that capillary forces control the quasi-static flow, where each
pore can be filled with either water or gas, but not both simultaneously
[36]. 3) All pores are initially filled with liquid water. 4) No phase
change occurs, and the process is isothermal at a typical PEM operating
temperature of 80 °C [37]. 5) No additional invasion occurs following
the breakthrough of the gas phase. These assumptions were based from
the previous literature, including studies by Altaf [36], Vorhauer [38],
and Lee. [6] Table 1 lists all constant parameters used in the model.

It is important to note that this work does not predict the dynamic
behavior of bubbles; instead, it simulates pore-to-pore invasion of quasi-
static flow to model drainage. The percolation process has also been
demonstrated by Arbabi et al., [40] where they used a microfluidic chip
built from characteristics of a commercial PTL to visualize similarities
with the invasion patterns from the model. The gas saturation profiles
from the simulated model are also very similar to those obtained from
operando imaging techniques results found by Lee at al. [41].

Absolute permeability, two-phase permeability, and relative
permeability was calculated for both oxygen and water at various inlet
oxygen coverages. Single-phase permeability measures how well liquid
water transports to reaction sites in absence of a gas phase, whereas
effective permeability of water describes its ability to transport when
gas-filled pores are also involved (gas-filled pores are treated as closed
pores) [13]. The permeabilities were determined by solving Stokes’
equation and Darcy’s law. Initially, the net flow into each pore was
calculated using the mass conservation principle for individual pores:

Table 1
Physical properties incorporated in the model.
Parameter Value Reference

Water contact angle 150° [37]
Operation temperature 80°C [371
Surface tension of water 0.0728 N.m ! [37]
Oxygen molecular weight 32 g/mol [39]
Oxygen viscosity 2.3479e-5 Pa-s [39]
Oxygen molar density 34.531 mol/m® [39]
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q; = Z;lgh.ij (Pj - Pi) =0 @

where g; is the net flow into pore i (m®s™1), P is the pressure at each pore
i and j (Pa), and i and j represent neighboring pores. The Hagen-
Poiseuille model was used to find the hydraulic conductivity gpj
(m4-s-kg’1) for the cylindrical throat. [42]

_ zd*
8 = 128Lp

(2)

In this context, p represents the fluid’s dynamic viscosity measured
in kg-m1.s71, L is the length of the cylindrical throat in meters, and
d stands for the pore diameter in meters. The resistor law [13] is used to
determine the overall conductivity of the pore throat and pore geometry:

1 1 1 1
— 44— 3

8hij 7gh,pi a &h.pj

The total flow rate Q (m3/s) was found by solving Equation (1) as a
system of linear equations with boundary pressures specified at the inlet
and outlet surfaces, where p refers to pores and t indicates the throats.
Finally, Darcy’s law [43] was used to calculate permeability:

Qpl

K=
A(P1 — Pz)

4

where K represents permeability (mz), A is the in-plane area (mz), P; and
P, are the boundary pressures, and 1 is the length of the network in the
through-plane direction (m). After running the invasion percolation al-
gorithm, the effective permeability of both phases in the defect PTLs was
calculated in all directions. At this stage, because invaded pores by gas
can no longer be accessed by water, it is assumed that these pores no
longer contribute to hydraulic conductance. [6] After adjusting hy-
draulic conductance based on pore occupancy, Darcy’s law can be used
again to calculate the effective and relative permeabilities of both phases
in all directions. In this work, permeabilities are used as an indicator to
describe the PTL’s ability to transport liquid water and oxygen gas, and
hence its mass transport abilities.

2.5. Surface roughness

The average roughness and root mean square roughness are used to
assess the quality of the interfacial contact between the catalyst layer
and the PTL. The average roughness [13] (S,) is calculated by deter-
mining the mean height of each pixel in the image:

1 M
s~ (i) L, 207 ©

where M and N are the dimensions of the defect PTL in the domain, with
i and j representing each pixel. Zij is the surface height of the material at
position i and j. The root mean square roughness (Sy) was determined by
averaging the root mean square roughness of the defect surface:

(6)

2.6. Tortuosity

Tortuosity, T (—), is another important metric used to assess fluid
transport efficiency in porous media. It indicates the ratio of the actual
flow path (L,) to the thickness of the domain (L):

T:f (7)

Tortuosity can also be determined with this formula: [31]
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(8

where D represents the intrinsic diffusion coefficient (mz-s’l), De stands
for the effective diffusion coefficient (m?s™ 1), and ¢ indicates the
porosity (—). This work employs the open-source Python package Tau-
Factor [44] to compute the tortuosity of the stochastically generated
defect PTLs.
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3. Results
3.1. Impact of defects on structural properties

Structural properties investigated in this study for different PTLs
with different defect sizes include pore size distribution, porosity pro-
files across thickness, tortuosity, and surface roughness. Analyzing the
impact of defects on structural parameters is essential because they
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directly influence transport properties, which subsequently affect mass
transport losses. Additionally, analyzing how defects affect surface
roughness is as critical because it relates to the catalyst utilization. [45].

3.1.1. Thickness variation

Results show the formation of new pores within the overall structure
of the defect PTL as additional titanium particles were added to create a
sloped surface. Fig. 2a ~ 2c shows the pore size distribution for defective
PTLs with 20%, 40%, and 60% thickness variations, respectively. The
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added structure includes the formation of new pores that are small (<20
pm) and large (>50 pm), with an increasing number of both pore types
as the variation percentage rises. Inset figures show the number of large
pores formed in each case. In the 20%, 40%, and 60% cases, the large
pore sizes reach up to approximately 100 pm, 150 pm, and 250 pm,
respectively. The increase in large pore sizes occurs due to the void space
formed between the PTL and catalyst layer, which will behave as a
delamination that would cause flooding. In contrast, the rise in smaller
pore sizes occurs because of the newly added material from added
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Fig. 3. Pore size distribution for defect PTLs with (a) 25 pm, (b) 50 pm, and (c) 100 pm positive protrusions. (d) porosity profiles for defect PTLs with the same
positive protrusion cases. (e) surface roughness map for defect PTLs with 50 pm positive protrusion. (f) porosity versus tortuosity, and surface roughness in defect
PTLs with the same positive protrusion sizes.
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thickness. Basically, the newly added titanium particles in the thickness
variation further adds the smaller pores. Moreover, it is important to
note that porosity of the base section of the PTL (i.e. non-defect region)
is lower with steeper thickness variation (Fig. 2d), contributing to
increased number of smaller pores. Investigating deviations in pore sizes
is crucial for the defect PTL, as pore size plays a significant role not only
in single-phase but also two-phase and relative permeabilities [6].

The surface roughness map for the 60% thickness variation case is
shown in Fig. 2e. Additionally, maps for the 20% and 40% cases are in
Fig. S2 in the Supporting Information. It could be speculated that the
interfacial contact between the defect PTL and the CL will be poor
because of the thickness variation defect. Specifically, roughly 20% of
the PTL will be in direct contact with the CL, while remaining defective
regions would become sources of delamination. These regions of
delamination will reduce electrical conductivity of the catalyst layer,
subsequently decreasing catalyst utilization. [16] The larger the varia-
tion percentage, the greater the deviation from the average height and
roughness values. Average surface roughness and tortuosity values were
quantified in Fig. 2f. Surface roughness increased significantly from a
baseline of 17.25 pm to 42.00 pm, 63.78 pm, and 83.41 pm at 20%, 40%,
and 60% variation levels, respectively. Regarding tortuosity, cases with
thickness variation showed the most significant increase among all the
defects studied, rising from 2.29 at the baseline to 2.27, 3.60, and 4.89 at
20%, 40%, and 60% variation levels, respectively. Tortuosity values
increased because thickness variation defects added more material to
the PTL, creating more convoluted paths. The increase in tortuosity
values indicates that defective PTL with thickness variation will expe-
rience higher mass transport losses. [46].

3.1.2. Positive protrusion

The impact of 25 pm, 50 pm, and 100 pm positive protrusions on
pore size distribution is shown in Fig. 3a ~ 3c, respectively. No signif-
icant change is observed in the overall pore size distribution within the
PTL for all cases because a positive protrusion is a local bulge created at
the top of the original baseline PTL. However, the titanium protrusion
leads to a layer of void space at the CL/PTL interface, and this void space
will be considered as a layer of delamination. Therefore, positive pro-
trusions create additional larger pores (>50 pm), as shown in the inset of
Fig. 3a ~ 3c. Positive protrusions lead to pore formation with sizes up to
120 pm, 160 pm, and 180 pm for protrusions of 25 ym, 50 pm, and 100
pm, respectively. This impact can be seen from the porosity profile as
well, (Fig. 3d). The porosity curve shifts right with introduction of
protrusion, indicating that it is in fact causing delamination.

Fig. 3e shows the surface roughness map for the 50 pm positive
protrusion case. Additionally, the roughness maps for 25 pm and 100 pm
are included in the Supporting Information in Fig. S3. The localized
height difference is clearly visible at the protrusion site for all protrusion
cases. As titanium is rigid, it will not compress as carbon gas diffusion
layers do. Hence, positive protrusion will undesirably harm the inter-
facial contact with the CL/PTL interface. Fig. 3f shows the average
surface roughness and tortuosity values for the positive protrusion cases.
After quantifying values, it was found that the most significant deteri-
oration in roughness among all studied defects occurs in the positive
protrusion cases. Roughness values increase approximately linearly
from a baseline of 17.23 pm to 57.16 pm, 96.64 pm, and 172.82 pm for
protrusion sizes of 25 pm, 50 pm, and 100 pm, respectively. Regarding
tortuosity results shown in Fig. 3f, the tortuosity slightly increases when
the protrusion defect is introduced, likely due to added thickness.
However, the change in tortuosity values remains less than 4% with
increasing size of the protrusion.

3.1.3. Pinholes

Pinholes have a minor impact on the overall pore size distribution
and porosity profiles shown in Fig. S4 in the Supporting Information.
Although a few large pores (>50 pm) are visible in the inset of the pore
size distribution figures, their straight alignment creates a conduit

Energy Conversion and Management 350 (2026) 120988

through the PTL thickness that will reduce mass transport losses of PEM
electrolyzers. [19].

Fig. 4a shows the surface roughness map for defect PTLs with a 50
pm pinhole. Additionally, the maps for 25 pm and 100 pm are included
in Fig. S5 in the Supporting Information. The local increase in roughness
is clearly visible at the pinhole site, where material is completely
removed to create a conduit. Fig. 4b shows the quantified mean surface
roughness values for defect PTLs with pinholes. Results show that the
average surface roughness increased from 17.23 pm at the baseline to
17.76 pm, 19.21 pm, and 25.15 pm for sizes of 25 pm, 50 pm, and 100
pm, respectively. Roughness values gradually and nearly linearly in-
crease with pinhole size because larger pinholes remove more material.
This leads to bigger gaps at the PTL surface with very deep heights that
extend across the PTL. However, the rise in the average roughness values
in pinhole cases is considered reasonable when compared to other defect
types like positive protrusions and thickness variations. This is because
pinholes only increase roughness in a small local area, while thickness
variations and positive protrusions raise roughness values across the
entire surface.

Tortuosity values shown in Fig. 4b decrease almost linearly with
pinhole size. The values drop from 2.29 at the baseline to 2.27, 2.22, and
2.07 for pinhole sizes of 25 pm, 50 pm, and 100 pm, respectively.
Removing more material with larger pinhole sizes decreases the number
of complex paths for the phase to pass through. Therefore, defect PTLs
with pinholes will have lower tortuosity, thereby reducing mass trans-
port losses. [46].

3.1.4. Porosity variation

In porosity variation cases, one side of the PTL has smaller pore sizes
and lower porosity, while the other side has larger pore sizes and higher
porosity. Fig. 5a ~ 5b show pore size distributions for 38%-19% and
38%-60%, respectively. As porosity decreases from 38% to 19%, the
frequency of smaller pores with diameter less than 20 pm increases,
while the frequency of larger pores with diameter greater than 50 pm
decreases. Conversely, increasing porosity from 38% to 60% raises the
number of larger pores and lowers the count of smaller pores. The
porosity variation defect significantly affects pore size distribution
because porosity is directly related to pore size. Examining the porosity
profile in Fig. 5c¢ will confirm this result, where the bulk porosity de-
creases in the 38%-19% case and increases in the 38%-60% case.

Fig. 5d shows the quantitative values of mean surface roughness. As
porosity varies from 38% to 60%, the mean surface roughness increases
from the baseline value of 17.23 pm to 24.03 pm because of larger pore
sizes located at the PTL surface. Conversely, roughness decreases to
13.23 pm when porosity varies from 38% to 19% because roughness
decreases as pore sizes located at the PTL surface become smaller.
Contact between CL and PTL will be improved by decreasing pore size
and porosity, while interface contact will be reduced by increasing pore
size and porosity. [7] This result can also be confirmed by the surface
roughness map for the defective PTL with 38%-19% porosity variation
shown in Fig. 5e. The map shows brighter color on the 38% porosity side
with higher roughness, and a darker color on the 19% porosity side with
lower roughness. Additionally, the surface roughness map for the 38%-
60% porosity variation case is included in the Supporting Information in
Fig. S6. Consequently, PTLs with 38% to 19% porosity variation will
have improved contact with CL, while PTLs with 38% to 60% porosity
variation will have worse contact compared to baseline.

Tortuosity values were also quantified in Fig. 5d. Tortuosity
increased from a baseline of 2.29 to 3.10 as porosity decreased from 38%
to 19%. In contrast, tortuosity decreased to 1.67 as porosity increased
from 38% to 60%. Tortuosity decreases with increasing porosity due to
the formation of more void space, which makes the flow paths less
convoluted. Increasing porosity and pore size will enhance transport
efficiency by reducing tortuosity, and vice versa. [7] As a result,
defective PTL with 38%-60% will have lower mass transport losses, and
the 38%-19% case will have higher mass transport losses compared to
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the baseline.

3.1.5. Cracks

Cracks have a minor impact on both pore size distribution and
porosity profiles shown in the Supporting Information in Fig. S7. Cracks
have minimal morphological impact because cracks are elongated void
structures located on the outer surface of the defect PTL. The surface
roughness map for the 20 pm crack is shown in Fig. 6a. Additionally,
surface roughness maps for the 5 pm and 10 pm cracks are included in
the supporting information in Fig. S3. Slightly higher roughness values
occur at the crack location due to material removal in that area,
resulting in a deeper depth. Average surface roughness values along with
tortuosity results are quantified in Fig. 6b for each crack size to compare
with the baseline. Results indicate that 5 pm, 10 pm, and 20 pm cracks
have minimal effects on both tortuosity and the average surface
roughness. Therefore, investigated cracks are not harmful for contact
between CL and PTL because of their minimal effect on roughness, nor
do they hinder single-phase transport due to their negligible impact on
tortuosity.

3.1.6. Negative protrusion

Fig. S8 in the Supporting Information shows that negative protrusion
sizes of 25 pm, 50 pm, and 100 pm have minimal impact on both pore
size distribution and porosity profile. Because only a small portion of
titanium was removed from a specific region of the PTL surface, negative
protrusions had little effect on the morphological structure. Surface
roughness map for negative protrusion size of 50 pm is shown in Fig. 7a,
and mean roughness values for all mentioned sizes are quantified in
Fig. 7b. Thus, the investigated negative protrusions will not negatively
affect interfacial contact and catalyst utilization due to their minimal
impact on roughness. They will also not compromise single-phase
transport because of their limited influence on tortuosity. In fact,
negative protrusions enhance transport properties in some cases, which
will be discussed later in this article.

3.2. Impact of defects on transport properties

Examining how defects affect PTL’s absolute and effective perme-
abilities is essential because these properties influence two-phase
transport which inherently impact mass transport losses. Since water
acts as the electrochemical reactant and oxygen as the product,
improving permeability for both phases is crucial (i.e., higher gas

permeability indicates better gas removal, and higher water perme-
ability indicates better water transport). Single and effective perme-
ability results were calculated using PNM in the through-plane z
direction and in-plane x and y directions.

3.2.1. Detrimental transport consequences of defects: thickness variations
and positive protrusions

Table 2 presents the directional absolute permeability results for
defect PTL with 20%, 40%, and 60% thickness variations in the through-
plane z direction and in-plane x and y directions. Since absolute
permeability depends solely on the PTL structure, [47] its value varies
with the added titanium material used to create the slanted surface due
to changes in porosity and tortuosity in different directions. According
to the Kozeny—Carman relation, absolute permeability increases with
higher porosity and decreases with higher tortuosity. [48] In the
through-plane z direction, absolute permeability values decrease
slightly with greater thickness variation due to increased tortuosity
caused by the more convoluted paths from the added titanium structure.
In contrast, absolute permeability values increase significantly in the in-
plane x,y directions due to the lower porosity of the void space in the
slanted region. Since reactant delivery to the CL and product transport
occur across the PTL thickness in the through-plane (z) direction, the
decrease in single-phase permeability indicates that defect PTLs with
thickness variations will experience higher mass transport over-
potentials compared to baseline PTL.

During invasion percolation simulation, capillary forces control the
percolation pathways within the hydrophilic titanium porous structure.
[6] Fig. 8a ~ 8c show the directional single and effective permeability of
oxygen and water, along with oxygen saturation across PTL thickness in
the inset figures at 10%, 50%, and 95% oxygen inlet coverage for a
defective PTL with 20%, 40%, and 60% thickness variation compared to
the baseline, respectively. Regarding baseline PTL permeability results,
two main trends are evident. Firstly, absolute permeability is always
higher than effective permeability in all directions for all oxygen inlet
coverages. This is normal because absolute permeability considers only
one phase within the PTL structure, while effective permeability ac-
counts for two phases, where one hinders the flow of the other. [49]
Secondly, effective permeability decreases as oxygen coverage levels
rise due to increased in-plane clustering of oxygen, which impedes water
flow. Results in Fig. 8a ~ 8c show that all investigated thickness vari-
ation defects cause water effective permeability to drop to nearly zero in
the through-plane direction. This occurs because of the void structure at
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with 38%-19% porosity variation.

the PTL/CL interface caused by the thickness variation defect. The void
structure causes oxygen to accumulate inside it before proceeding to
invade the pores of the first inclined layer of the defect PTL, thereby
causing flooding of oxygen gas. The accumulated gas will prevent
reactant water from passing across the PTL porous structure to reach
reaction sites. This justification is supported by the analysis of saturation

profiles shown in the inset figures. Regardless of the inlet oxygen
coverage, oxygen saturation peaks at 100% within the first 10% of the
PTL thickness in all thickness variation cases. Thickness variation de-
fects thus have a catastrophic effect on transport because they prevent
the delivery of water needed for the electrochemical reaction. All
thickness-variation and positive-protrusion cases—across all defect sizes
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Table 2
Directional single-phase permeability of defect PTL with thickness variation.
PTL Permeability, Permeability, Permeability,
K, Ky K,
[x107% m?] [x107% m?] [x107% m?]
Baseline 0.938 1.906 1.844
20% Thickness 0.705 13.563 75.292
Variation
40% Thickness 0.433 18.776 293.303
Variation
60% Thickness 0.250 11.146 325.539
Variation

studied—create enlarged interfacial void regions that become rapidly
saturated with oxygen during invasion, which directly corresponds to
the near-zero water effective permeability observed in these cases. These
results indicate that any defect that generates a large artificial void space
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at the PTL/CL interface (as opposed to the natural pore morphology of
the baseline PTL) is inherently detrimental to reactant transport because
it provides a preferential reservoir for oxygen accumulation. The arti-
ficial void space volumes caused by thickness variation and positive
protrusion examined in this study are listed in the Supporting Infor-
mation in Table S3. Regarding the in-plane x-y directions, water effec-
tive permeability also decreases significantly from the baseline value by
approximately 80% to 90% at full oxygen coverage (high current density
operation). All thickness variation defect results indicate that oxygen
effective permeability rises sharply in the in-plane y direction, as the
void space facilitates free oxygen flow in that direction without any
porous structure impeding it. Oxygen effective permeability also in-
creases in the in-plane x direction, but to a lesser degree than in the y
direction, as part of the porous structure remains available in the void
space region. Analyzing through-plane data is more critical because this
is the primary direction in which oxygen generation and flow occur.
Directional single-phase permeability results for defect PTL with all
positive protrusion cases are shown in Table 3. In the through-plane z
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Table 3
Directional single-phase permeability of defect PTL with positive protrusions.
PTL Permeability, Permeability, Permeability,
K, Ky Ky
[x107% m?] [x107% m?] [x107% m?]
Baseline 0.938 1.906 1.844
25 pm Positive 1.051 151.299 150.921
Protrusion
50 pm Positive 1.143 607.177 707.558
Protrusion
100 pm Positive 1.266 2696.456 2495.549
Protrusion

direction, single-phase permeability increases slightly with increasing
protrusion size. This occurs as the volume of void space slightly in-
creases, thereby enhancing total porosity, which subsequently increa-
ses permeability according to the Kozeny-Carman relation. In the in-
plane x and y directions, single-phase permeability values increase
significantly as the void space allows phase movement in both di-
rections, resulting in a much lower pressure drop with increasing pro-
trusion size when applying the Stokes flow algorithm.

The single and effective permeability of oxygen and water in all di-
rections at 10%, 50%, and 95% inlet oxygen coverages for all positive
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protrusion cases investigated are shown in Fig. 9a ~ 9c. In the through-
plane, z-direction, the water effective permeability approximately drops
to zero for all positive protrusion cases and at all examined inlet oxygen
coverages. This occurs because positive protrusion causes the formation
of an entire layer of void space around it at the PTL/CL interface, causing
delamination. Oxygen gas will then fill this void space before it starts to
invade the first layer of the defect PTL, again causing flooding. This
observation is also shown by the saturation profiles in Fig. 9a ~ 9c.
Regardless of the inlet oxygen coverage, oxygen saturation peaks at
100% at 20%, 30%, and 40% of the defect PTL thickness for the 25 pm,
50 pm, and 100 pm positive protrusion cases, respectively. Similar to
cases with thickness variation, oxygen build up in the delaminated re-
gion will block water pathways. As a result, the essential reactant water
can no longer reach the electrochemical reaction sites.

In the in-plane x-y directions, the effective permeability of water
decreases by approximately 80% across all protrusion cases and inlet
oxygen coverage percentages. In contrast, oxygen’s effective perme-
ability rises sharply in both x and y directions because of the void space
that allows oxygen to move freely.

3.2.2. Beneficial transport Effects: Negative Protrusions, Cracks, and
pinholes
Fig. 10a shows single-phase permeability values in the through-plane
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z direction for defect PTLs with different crack, negative protrusion, and
pinhole sizes. In addition, the numerical absolute permeability values in
all directions are provided in Table S2 in the Supporting Information.
Single-phase permeability is unaffected by cracks and negative pro-
trusions since both of these defects are created on the outer surface of the
PTL and have minimal impact on morphology. In contrast, absolute
permeability increases significantly with larger pinholes compared to
the baseline, as more titanium is removed from the bulk material, which
greatly affects morphological properties like porosity and tortuosity.
Higher porosity and lower tortuosity in defect PTLs with pinholes lead to
a significant increase in absolute permeability, satisfying the Koze-
ny-Carman relation.

The effective water permeability in the through-plane z direction for
defect PTLs with cracks, negative protrusions, and pinholes at oxygen
inlet coverages of 95%, 50%, and 10% is shown in Fig. 10b ~ 10d,
respectively. The 5 pm crack causes a small reduction in water effective
permeability across all coverage scenarios, while cracks of 10 pm and 20
pm lead to a slight increase in permeability. This indicates that oxygen
bubbles accumulation in larger crack sizes, regardless of oxygen inlet
coverage or current density operation level, does not have a negative
impact on water effective permeability. To support this conclusion, a
prior experimental study by Tsushima et al. [50] similarly concludes
that cracks in the MEA can facilitate liquid and gas transport in polymer-
electrolyte fuel cells.

The defect PTL with a 5 pm negative protrusion size shows the
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highest water effective permeability in the through-plane direction
compared to other negative protrusion sizes across all oxygen inlet
coverage cases. Increasing the negative protrusion size to 10 pm and 20
pm results in reduced water permeability across all examined oxygen
coverage scenarios. This is because oxygen accumulates at the protru-
sion site, blocking water pathways. However, at full oxygen coverage, all
negative protrusion sizes exhibit higher effective permeability values
compared to the baseline. This indicates that during high current density
operation of PEM electrolyzers, defect PTLs of all sizes investigated in
this study positively affect the water’s effective permeability in the
through-plane direction, with the 5 pm size expected to have the lowest
mass transport overpotentials.

Enhanced effective water permeability in the through-plane direc-
tion across all pinhole sizes and inlet oxygen coverages is a promising
indicator of reduced mass transport overpotential in PEM electrolyzers.
Larger pinholes result in higher water effective permeability because
oxygen can pass freely through the conduit, maintaining unobstructed
water pathways. Furthermore, reducing the oxygen inlet coverage
further enhances water effective permeability at lower current densities,
as shown in Fig. 10b ~ 10d. Therefore, it can be argued that the pinhole
defect actually acts as an engineered feature that assists mass transport,
as previous demonstrated patterned-through pores. [19] It is important
to take advantage of these defects that benefit the operation of PEM
water electrolyzers.



A. Tayyem et al.

\T

a)
60
® Cracks
58 @ Negative Protrusions .
r:"_‘ 56f A Pinholes A
| = = Baseline
o s4f :
—
X 7T y
o~
E 75} ]
= A
8 60
& 6
£
—
@
O 45k o
(0]
[%2]
@©
£ aof -
@
g
£ 15} .
(] A
- 0—-—@0——0————— [ I P B B e
0.0k " " . . " " L -
5 10 20 25 50 100 25 50 100
Defect Size [um]
c)
9.0 @ Cracks 1
™ @ Negative Protrusions
T A Pinholes A
2 — = Baseline A
X A
~_ 7.5F .
E
A
8]
T
=
‘5 6.0F .
>
=
o
©
(]
= O
o 45F L
o
[
2 °
"8’ _________________________________
= =]
w 30t @ -
]
L L L L 'l L L L L
5 10 20 25 50 100 25 50 100

Defect Size [um]

Energy Conversion and Management 350 (2026) 120988

—

® Cracks
o B Negative Protrusions
T A Pinholes A
© 24F —— Baseline A N
L A
X
o
£
o 21F -
[]
o
o
=
Y—
@]
g‘ 1.8F -
=
©
[}
£
o 15F o J
o °
(]
2 ]
-~
O
& Lo Y R
s 10oF E
L
o
5 10 20 25 50 100 25 50 100
Defect Size [um]
— 600k @® Cracks i
m B Negative Protrusions
T 560F A Pinholes A
S — — Baseline
520 -
X
o~ 7 <
E
o 88F -
Q
© A
= A
o
O 8.0F -
2
T_E“
® 7.2F i
£ ® o a3
—
&
o 64F L b
=
8
=]
E 56F O -
5 10 20 25 50 100 25 50 100

Defect Size [um]

Fig. 10. (a) Absolute permeability in the through-plane z direction of defect PTLs with different cracks, negative protrusions, and pinhole sizes. Effective perme-
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inlet surface coverages.

3.2.3. Porosity variation impact on transport

Fig. 11a ~ 11b show the single and effective permeability at different
oxygen inlet coverages of defect PTLs with porosity variations of 38%-
19% and 38%-60%, respectively, along with the saturation profiles in
the inset figures. In addition, the numerical absolute permeability values
in all directions are provided in Table S2 in the Supporting Information.
Single-phase permeability decreases as porosity drops from 38% to 19%
and increases when porosity rises from 38% to 60% in all directions.
This occurs because higher porosity provides more void volume for fluid
(water/oxygen) to flow with less tortuosity, while lower porosity results
in more convoluted paths. Saturation profiles shown in the inset figures
show no oxygen blocking for either case; however, effective
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permeability values are significantly affected. Water effective perme-
ability follows the same trend in all directions at all inlet oxygen cov-
erages. This indicates that oxygen’s impact on hindering water flow is
more significant when porosity in the defect PTL is reduced and vice
versa. Therefore, defect PTL with 38%-19% porosity variation is likely
to exhibit higher mass transport overpotentials, whereas defect PTL with
38%-60% porosity variation may show lower mass transport over-
potentials. However, it is noteworth to understand that the gas perco-
lation from these porosity variation PTLs always occur at the high
porosity region, meaning that local gas saturation at the low porosity
region remains low. Thus, in scenario of porosity variation defect, it can
be speculated that there would be a preferential pathway for both
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oxygen gas (high porosity region) and liquid water (low porosity re-
gion), which would in turn benefit the mass transport. The permeability
and saturation trends predicted by our stochastic pore-network model
are consistent with a recent experimental study on PEMWE porous
transport layers. Lee et al. used custom Ti PTLs with patterned through-
pores and in-operando neutron X-ray imaging to show that creating
preferential through-plane pathways reduces gas saturation at the
CL-PTL interface by ~ 43.5% and decreases mass-transport over-

potentials by up to 76.7% at current densities up to 9 A em 2

3.3. Effective remediation strategies for defect PTLs

All earlier results pertain to defects on the PTL surface adjacent to the
CL. In section 3.2.1, we revealed that certain defects are detrimental to
electrolyzer performance. For example, thickness variation and positive
protrusion result in gas flooding at the interface between PTL and CL,
thereby plummeting the effective permeability of liquid water. In this
section, we show that by reorienting the PTL, performance of the elec-
trolyzer will only improve due to the defect features. Specifically, as
simple action of reversing the PTL direction will be an effective method
for defect PTLs to attain optimal transport and better interfacial contact
with the CL. Fig. 12a and 12b show the directional single and effective
permeability of oxygen and water compared to the baseline at 10%,
50%, and 95% oxygen inlet coverage for the 60% thickness variation
and 100 pm positive protrusion, respectively. Before reversing the defect
PTL direction, the void space caused by the thickness variation and
positive protrusion was located at the interface between CL and PTL. As
previously discussed, this void leads to several serious problems, such as
increased surface roughness, higher tortuosity, and most critically,
creation of a delamination leading to accumulation of oxygen gases at
the interface. This build up blocks water pathways and causes effective
permeability in the through-plane direction to drop close to zero, pre-
venting the necessary reactant water for electrochemical reactions from
reaching the site.

After reorienting the defect PTL, the void space for both thickness
variation and positive protrusion is now positioned beside the flow field.
Fig. 12a ~ 12b show an improvement in water effective permeability in
the through-plane z direction compared to the case before inverting PTL.
This result can also be confirmed by analyzing saturation profiles across
thickness at three different oxygen inlet coverages for PTL, with 60%
thickness variation shown in the inset figures. Saturation profiles show
that oxygen concentration declines smoothly in both cases, with no
accumulation allowing water to reach reaction sites. In the in-plane x-y
directions, there was a significant improvement in water effective
permeability in both positive protrusion and thickness variation cases.
This indicates that water distribution among the reaction sites will also
improve due to better water effective permeability values in the in-plane
directions. Similar trends were also observed for 20% and 40% thickness
variations, as well as with the 25 um and 50 um positive protrusion
directional absolute and effective permeability results shown in Fig. S9
in the Supporting Information. All these results suggest that PEM oper-
ation is now possible with a defect PTL that has thickness variations or
positive protrusions after reversing the defect PTL direction.

Although a one-to-one experimental validation of effective perme-
ability and oxygen saturation profile results for defect PTLs with
delamination caused by thickness variation and positive protrusion was
not conducted in this study, the main trends from our model are strongly
supported by previous related experimental work. Lee et al. [51]
quantified gas saturation across the PTL thickness using in operando
synchrotron X-ray imaging and observed preferential gas accumulation
and long-lived residual gas near the CL-PTL interface. This study sup-
ports our simulated oxygen saturation profiles, where thickness varia-
tions and positive protrusions create a much wider void space that
worsens CL-PTL contact and leads to elevated gas saturation at the CL/
PTL interface. In addition, Lee et al. [52] fabricated spatially graded
sintered titanium PTLs by vacuum plasma spraying and examined them
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using in operando neutron imaging, electrochemical characterization,
and pore-network modelling. They showed that orienting the graded
PTL such that the lower-porosity region is adjacent to the catalyst layer
and the higher-porosity region is adjacent to the flow field enables
current densities up to 4.5 A cm ™2 with a 29% reduction in cell potential,
a 38% reduction in mass-transport overpotential, and a 50% reduction
in PTL gas saturation, while enhancing the liquid-water permeability by
approximately one order of magnitude compared with a non-graded
reference. These results support our conclusion that defects in PTL
morphology and the orientation of non-uniform or defected PTLs during
assembly significantly affect oxygen saturation and effective water
permeability.

Effective permeability of water for different negative protrusion and
crack sizes at 95%, 50%, and 10% inlet oxygen coverage is shown in
Fig. 12¢c ~ 12e, respectively. Reversing the defect PTL direction caused
defect PTLs with cracks and negative protrusions—except for those with
minimal fluctuations—to show increased water effective permeability
across all examined defect sizes and oxygen inlet coverages. In fact,
reorienting the PTL enables defects to be utilized as tailoed features that
faciliate mass transport losses, which have been demonstrated experi-
mentally. [53,54] Therefore, these types of defects can be used as an
engineered feature that enhances mass transport while preserving the
original interfacial contact of the PTL. Table 4 summarizes the qualita-
tive trends of all parameters examined in this study.

4. Conclusions

In this study, we used stochastic and pore network modeling to
examine the impact of defects in the PTL on their structural and trans-
port properties. Defects of thickness variations and positive protrusions
adversely affect structural properties, by creating undesired delamina-
tion between the PTL and CL, resulting higher surface roughness. They
also negatively affect transport properties due to the delamination
causing flooding of gas at the PTL/CL interface, driving water’s effective
permeability close to zero. When these defects are located near CL,
reactant water cannot reach the electrochemical reaction sites, and
operation is expected to halt. Some defects, including cracks, negative
protrusions, and pinholes have minimal impact on surface roughness,
but only improve both single and effective permeability, highlighting
that these defects would be more beneficial than the regular PTLs. Cases
of porosity variation primarily depend on morphological changes and
adhere to the trade-off principles between porosity and surface rough-
ness, but preferential pathways establish where gases will be evicted
through high porosity region, and water would imbibe through the low
porosity region. Finally, a proposed remediation strategy involves
reorienting the PTL direction. This approach assists in mitigating the
adverse effects of thickness variations and positive protrusions, while
still maintaining transport benefits related to cracks and negative pro-
trusions without impacting surface roughness. Implementing these
strategies will greatly facilitate in identifying faulty PTLs and in

Table 4

Qualitative trends are indicated by arrows relative to the baseline. 11 and ||
indicate strong increase and strong decrease, respectively. 1 and | indicate an
increase and a decrease, respectively. < denotes minor impact. Symbols: Ry =
surface roughness; T = tortuosity; k, = absolute permeability (through-plane); ke
= water effective permeability (through-plane).

Orientation Defect Beside CL Mitigated Orientation

Defect type / Parameter Ry T K, Ke Rs T Ka Ke
Thickness Variations N " Ik Ik < T | |
Positive Protrusions N N Ix 1 < " ) )
38%-19% Porosity Variation ! t | | | T | |
38%-60% Porosity Variation 1 | 1 1 1 1 1 1
Cracks o o 1 1 o e ) T
Pinholes 1 ! 1 1 T 1 T T
Negative Protrusions - - t 1 - o 1 1
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minimizing the number of faulty PTLs.
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