
Tailored Porous Transport Layers for Optimal Oxygen
Transport in Water Electrolyzers: Combined Stochastic
Reconstruction and Lattice Boltzmann Method
Jiang Liu,[a] Min Li,[b, c] Yingying Yang,[a] Nicolas Schlüter,[a] Dajan Mimic,[b, c] and
Daniel Schröder*[a, d]

The porous transport layer (PTL) plays an integral role for the
mass transport in polymer electrolyte membrane (PEM) electro-
lyzers. In this work, a stochastic reconstruction method of
titanium felt-based PTLs is applied and combined with the
Lattice Boltzmann method (LBM). The aim is to parametrically
investigate the impact of different PTL structures on the
transport of oxygen. The structural characteristics of a recon-
structed PTL agree well with experimental investigations. More-
over, the impact of PTL porosity, fiber radius, and anisotropy
parameter on the structural characteristics of PTLs are analyzed,

and their impact on oxygen transport are elucidated by LBM.
Eventually, a customized graded PTL is reconstructed, exhibiting
almost optimal mass transport performance for the removal of
oxygen. The results show that a higher porosity, larger fiber
radius, and smaller anisotropy parameter facilitate the forma-
tion of oxygen propagation pathways. By tailoring the fiber
characteristics and thus optimizing the PTLs, guidelines for the
optimal design and manufacturing can be obtained for large-
scale PTLs for electrolyzers.

Introduction

Anthropogenic climate change is driving a growing number of
countries and corporations to commit to net zero carbon
emissions by 2050.[1] In the decarbonization process, green
hydrogen produced by water electrolysis will play an essential
role.[2] Among various water electrolysis technologies, polymer
electrolyte membrane electrolysis (PEMEC) has attracted consid-
erable attention due to its high current density, rapid response
time during start/shutdown, compact design, and high
efficiency.[3,4]

The PEM electrolyzer splits water into oxygen and hydrogen
under an external electrical power, acting as an electrochemical

energy conversion device. Figure 1a shows the schematic of a
PEM electrolysis cell, and (b) shows the simplified triple-phases
in a cell. Typically, a PEM electrolysis cell consists of a polymer
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Figure 1. Schematic of a) a PEM electrolysis cell and b) the boundary
conditions implemented in simulations.
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electrolyte membrane (PEM), catalyst layers (CLs), porous trans-
port layers (PTLs), flow channels, and bipolar plates (BPPs). The
PEM and CLs together make up the catalyst-coated membrane
(CCM). On the anode side, liquid water is supplied to the flow
channels of the bipolar plates and then travels through the PTL
to the catalyst layer, where the water is split to generate oxygen
and protons. The product oxygen, generated at the anode,
needs to be dissipated through the PTL and removed from the
flow channel. The protons pass through the membrane to the
cathode where they are reduced to hydrogen. The reactions
occurring at the anode and the cathode are as follows [Eq. (1)
and (2)]:

H2O! 2Hþ þ 1
2 O2 þ 2e� Anodeð Þ (1)

2Hþ þ 2e� ! H2 Cathodeð Þ (2)

The anodic PTL plays a crucial role in PEM electrolyzers. It
provides pathways for the transport of the reactant water and
the product oxygen, maintains proper electrical and thermal
conductivity, and also provides mechanical support.[5] The
structure of the PTLs affects the mass transport losses and
ohmic losses of electrolyzers. An unreasonable design will cause
flow obstructions of the reactant and product, and a reduction
in available electrochemically active sites,[6–8] especially when
PEM electrolyzers are operated at high current densities.

The high potential and corrosive environment resulting
from the electrochemical reaction at the anode make the use of
materials like Titanium obligatory for the anodic PTL.[6] Among
several types of titanium-based PTLs, such as the Ti felt,[9–11]

sintered Ti powder,[12,13] and Ti mesh,[14,15] the felt-based PTL
attracted significant attentions due to its flexible porosity, fiber
size, and thickness.[16]

In order to understand the impact of the PTL structure on
the mass transport and efficiency of PEM electrolyzers, numer-
ous research methods have emerged in recent years, including
electrochemical experiments,[17–21] visualization
experiments,[22–25] macroscale modeling,[26–29] and mesoscopic
scale simulations.[30–32]

Suermann et al.[12] studied the effect of current density,
operating pressure, and temperature on mass transport over-
potential. They correlated the results with PTL structural
features characterized by X-ray Tomographic Microscopy (XTM)
such as porosity, pore and solid size distribution (PSD and SSD),
and effective transport properties. Their results show that the
transport losses decrease with increasing operating pressure
and temperature, and show a strong correlation with PTL
structural properties. Kim et al.[33] investigated the mass trans-
port in PTLs with straight pores in the through-plane direction
via X-ray radiography and electrochemical analysis, finding that
water cannot access the pores under the ribs and that limited
in-plane mass transport can lead to dehydration of the CL. To
reduce the activation overpotential, Wang et al.[34] applied a
new method to remove oxygen bubbles from the reaction sites
on the catalyst layers by using a magnet. By controlling the
magnetic field, it is possible to realize the directional migration
of oxygen bubbles. The bubble shedding can be accelerated by

increasing the magnetic strength. Schuler et al.[10,21] character-
ized the morphology and topology representing the bulk
properties of different PTLs by XTM, calculated transport
parameters, and performed electrochemical analysis, which
revealed the correlation between PTL structural properties and
the performance of PEM electrolyzers through a detailed
electrochemical loss breakdown.

Ito et al.[35] conducted an experimental study regarding the
impact of structural properties such as porosity and pore size of
PTLs on the performance of PEM electrolyzers. They concluded
that a smaller mean pore size is beneficial to improve the
performance when the mean pore size of the PTLs is larger than
10 mm. Once the porosity exceeds 0.50, there is no significant
impact of the pore size on the performance anymore. A novel
PTL produced by vacuum plasma spraying (VPS) was presented
in the study by Lettenmeier et al.[20] This PTL has a gradient
distribution of porosity along the through-plane direction, with
a pore radius of 10 μm near the bipolar plate and 5 μm at the
interface with the catalyst layer, which can achieve the perform-
ance comparable to state-of-the-art sintered plates. The work
by Grigoriev et al.[27] focused on optimizing the PTL micro-
structure to have efficient electric contact and gas/water
transport. Zielke et al.[9] reconstructed eight different PTLs via X-
ray tomography, and exponential relations between through-
plane thermal conductivity and porosity, as well as between
through-plane electrical conductivity and water permeability
were determined. In the work of Hwang et al.,[18] the PSD of a
PTL was changed by loading titanium powder into the PTL to
evaluate water management. All of the aforementioned works
targeted the trade-off between the optimal PTL structure for
mass transport and minimal electrochemical losses for the
ongoing reactions.

Simulation methods make it possible to obtain spatiotem-
poral information about the two-phase distribution within the
PTLs. Lee et al. proposed a stochastic modeling method to
reconstruct sintered powder-based PTLs by using geometrical
data from XTM. They compared the surface morphology and
structural properties of the reconstructed PTL with the exper-
imental PTL[36] and investigated the effect of powder diameter
and porosity on mass transport[37] as well as the PEMEC
performance under special conditions.[19] Jung et al.[13] used
XTM and mercury intrusion porosimetry (MIP) to characterize
the microstructure of different PTL materials, and compared the
transport properties with those obtained by direct numerical
simulation (DNS) and pore network modeling (PNM) methods.
In addition, the Lattice Boltzmann method (LBM) and some
other methods (such as the Finite Element Method and Finite
Volume Method) as well as comparative studies between those
methods have also been applied in some works to numerically
study oxygen bubble dynamics in PTLs and other porous
structures.[30,31,38–42]

The application of neutron-based imaging provides the
possibility to visualize the mass transport process in PTLs.
Neutron radiography and optical imaging technology were
applied to obtain the distribution and film thickness of water in
the PTL, exploring the effects of current density, water supply
(i. e., the flow rate of water), and temperature.[24,43] Lee et al.[44]
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examined spatially graded PTLs and revealed a great perform-
ance improvement of PEM electrolyzers brought by the high to
low porosity distribution of PTLs along the flow channels to
catalyst layers direction. The approach leads to a 38% reduction
in mass transport overpotential at a current density of 4.5 A/
cm2, indicating the great potential for custom-graded PTLs to
enhance the electrolyzer performance. Li et al.[45] experimentally
investigated the oxygen bubble dynamics and two-phase flow
in PTLs with straight-through pores by using a specifically
designed transparent PEMEC and evaluated the effect of
operating conditions on the oxygen bubble dynamics in the
channels and pores, as well as the flow regime transformation.
As the temperature and/or current density increases, the
nucleation site, growth rate, and number of oxygen bubbles
increase as well. The microfluidic platform is a 2-D representa-
tion of porous structures used to visualize the multiphase flow
behavior within the porous media. In the work of Arbabi[23] and
Lee[46] et al., this platform was used for the visualization of
bubble transport in 2-D PTLs to understand the relationship
between the structural properties of PTLs and the two-phase
distribution. The work of Swiegers et al. reviewed innovative
strategies for eliminating or mitigating bubble effects to
improve the efficiency and cost of water electrolyzers.[47]

Although a large variety of studies has been conducted so
far, many of them were limited to costly and time-consuming
experimental and 2-D numerical studies. The much more
complex 3-D temporal and spatial two-phase distributions
inside PTLs cannot be obtained with the latter. Most of the
current work considered the direct relationship between PTL
structural properties and PEMEC performance,[12,29,48–50] but the
necessary and important correlations between the pore-scale
structure and mass transport are still missing, as concluded in
the latest work of Bhaskaran et al.[51] In their work, they
numerically investigated the oxygen propagation inside graded
PTLs in relation to the structural properties, indicating a strong
dependence of the two-phase flow behaviors on the graded
structure. The porosity and pore structural properties of PTLs
are critical to the mass transport losses and ohmic losses of
PEMECs. A higher porosity is beneficial for a fast transport of
oxygen produced by the oxygen evolution reaction (OER) at the
catalyst layer through the PTL. At the same time, a higher
porosity will increase the ohmic losses.[16,21] Therefore, the
selection of PTL structures is a very contradictory and intract-
able problem, and this work will focus on the impact of PTL
structural properties on the distribution of gas/water within this
layer, aiming to provide more perspectives for the design and
application of PTLs. Inspired by the work of Bhaskaran et al.,[51]

an optimal graded PTL structure is targeted in our work while
other structural details of the PTL, such as the porosity, fiber
radius, and fiber orientation are fully considered.

We herein present both a stochastically numerical recon-
struction method and the LBM. The aim is to obtain the oxygen
propagation inside the PTLs with varied structural properties.
Firstly, the experimental PTL structure from the literature[10] is
reconstructed, and the key structural parameters and the PSD
of the reconstructed and experimental PTLs are compared to
determine the validity of the method. Subsequently, a series of

PTLs with different porosity, fiber radii, and anisotropy parame-
ters are reconstructed, and the impact of different structural
properties on the internal structure of PTLs is analyzed in detail.
Then, the two-phase distributions are obtained through LBM
simulations to correlate the PTL structure and the transport of
oxygen. Finally, a customized graded PTL structure is recon-
structed based on the results to obtain the optimal ability to
remove oxygen. The presented results not only help understand
the essential relationship between the PTL structure and the
transport of oxygen, but also provide access to guidelines for
the design and application of PTLs in the future.

Methodology

Stochastically Numerical 3-D Structure Reconstruction

The felt-based PTLs considered herein usually consist of Ti
fibers, as shown in Figure 2a.[52] Based on available data in the
literature and online by the manufacturer (Bekaert), the typical
porosity of Ti felt PTLs is in the range of 0.40–0.90, the fiber
diameter 10 μm–50 mm, and the thickness 100 μm–2 mm.[9,10]

To generate the virtual PTLs with customized structures, a
stochastic reconstruction algorithm implemented in MATLAB
R2021b was applied, based on well-described methods from
literature.[53–55] Figure 2b shows the flow chart of the generation
of a titanium felt-based PTL within this work. In order to
customize the structural characteristics of stochastically gener-
ated PTLs, the PTL structural parameters need to be input in the
code, including matrix domain size, porosity, fiber radius, fiber
length, and anisotropy parameter. Fibers with a given radius are
then generated within the domain until the target porosity is
satisfied.

To simplify the reconstruction process, the following
assumptions are made: a) The fibers are long-straight cylindrical;
b) All fibers share the same, fixed radius; c) During the
generation process, the fibers are allowed to cross and overlap
with each other; d) Only fibers and pores are present within the
PTL.

In this work, various PTLs with different structural parame-
ters were reconstructed by using the aforementioned stochastic
reconstruction method. In order to achieve control of only a
single variable, all other structural parameters were kept
constant when reconstructing the PTLs with different porosity
e/fiber radii rfiber/anisotropy parameters b. As shown in Fig-
ure 2c,d, PTLs with different porosity comprise the same fiber
radius of 5.0 μm, which is close to the experimental value of
5.5 μm,[10] and PTLs with different fiber radii comprise the same
porosity of 0.74 for the purpose of observing the two-phase
behavior within the high-porosity PTL and reducing the
computational cost. The application of thin PTL requires the use
of small size fibers to avoid concerns such as inadequate
interfacial contact.[10] For the PTLs with different porosity and
fiber radii, the fibers are all stacked in the x � z (in-plane)
coordinate system. Thus, the reconstructed PTL structures
possess a strong anisotropy in the x, z, and y directions. In the
stochastic reconstruction algorithm, fibers can also be arranged
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in the through-plane (y) direction following the probability
density function [Eq. (3)]:[56]

py qð Þ ¼
1
4p

bsinq

ð1þðb2 � 1 cos2qÞ Þ3=2 (3)

where b is called the anisotropy parameter, which controls the
orientation of the fibers, and q is the polar angle of the Ti fiber.
As shown in Figure 2f, the anisotropy parameter governs the
preferential orientation of the fibers according to equation (3).
When b approaches the value of unity, the fibers' orientation
will be uniformly distributed in the x � y � z direction. As b

approaches zero, more fibers will be parallel to the through-
plane direction and as b increases, more fibers will orient in the
in-plane direction. Figure 2e shows the reconstructed PTLs
comprising different anisotropy parameters, with a porosity of
0.74 and a fiber radius of 4.0 μm.

Lattice Boltzmann Method

The traditional Computational Fluid Dynamics (CFD) method is
based on the continuum assumption and uses numerical
analysis techniques to solve the Navier-Stokes equation; while
the LBM simulates the fluid through the discrete Boltzmann
equations at a more fundamental dynamic level.[57] The multiple
relaxation time (MRT) LBM is implemented in this study to solve
for the transport of oxygen in the PTL.[58,59] Within the PTL,
oxygen, water, and solid fibers form a three-phase system,
which is governed by the Navier-Stokes equations and the
Cahn-Hilliard equation [Eq. (4) and (5)]:

@1u
@t þr � 1uu ¼ � r � pþ hr2uþ F (4)

@f

@t þr � fu ¼ Mr2m (5)

In the equations, 1, u, t represent the density, velocity, and
time respectively, p, h, F represent the pressure tensor, viscosity,
and the body force, and f, M, m represent the order parameter,
mobility, and the chemical potential. The two equations above
can also be solved by the following Equations (6) and (7):

f i r þ eidt; t þ dtð Þ ¼ f i r; tð Þ � Q
� 1Lf mf r; tð Þ � m

eq
f r; tð Þ½ �

þdt I � 1
2Q

� 1LfQ
� �

Gi r; tð Þ
(6)

gi r þ eidt; t þ dtð Þ ¼ gi r; tð Þ � Q
� 1Lg mg r; tð Þ � m

eq
g r; tð Þ

h i

(7)

where f i r; tð Þ and gi r; tð Þ represent the particle density distribu-
tion function and the order-parameter vectors respectively at
location r and time t, La a¼f ;gð Þ is the diagonal relaxation matrix, I
is the identity matrix, and Q is a q� q matrix, which linearly
transforms the distribution functions of f i and gi to the velocity
moments mf and mg, respectively. In the work of Niu et al.,
more details about the LBM formulation are provided.[59]

In LBM, the diffuse interface approach is used to model
multiphase flows. The main advantage of this approach is that
the motion of the multiphase interface does not need to be
explicitly tracked, and it is therefore very convenient for solving
complex geometric problems. In this work, the phase and the
interface are distinguished according to the value of f in
Equation (5) as follows:

Figure 2. a) SEM image of Ti felt PTL (Bekinit) (this figure has been reproduced from Ref. [52] with permission from Elsevier, copyright 2011). b) The steps for a
3-D PTL reconstruction, c)-e) 3-D renderings of the reconstructed PTLs (200×200×200 mm3) with different porosity (e), fiber radii (rfiber), and anisotropy
parameters (b), f) the functional description of anisotropy parameter b.
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f > 0:7! Liquid; (8)

� 0:7 � f < 0 ∨ 0 < f � 0:7! Interface; (9)

f < � 0:7! Gas: (10)

To simulate the propagation of oxygen into the water-rich
PTL, a single-lattice thick oxygen field was initialized next to the
domain inlet, and the entire interior of the PTL was initialized
with liquid water, as shown in Figure 1b. So, in the LBM
simulation, a domain size of 200×201×200 mm3 (200×200×200
mm3 of the PTL structure and 200×1×200 mm3 of initial
oxygen) was selected. A pressure gradient factor of 1.7 was
applied to the inlet and outlet side to drive the oxygen into the
PTL, and periodic boundary conditions were applied to the
other boundaries. Besides, the non-compressible, isothermal,
two-phase model was applied, and gravity and liquid films were
neglected. The contact angle of Ti fibers was set to 45° (i. e.,
hydrophilic character) and the surface tension was set to 0.0625
N=m. Assuming a temperature of 298.15 K,[51] the density of

water and oxygen was set to 997.05 kg=m3and 1.14 kg=m3,
respectively.

Simulation Workflow

The conducted studies involved the following workflow:
1. Reconstruction of PTLs via MATLAB;
2. Simulation of mass transport within the PTLs via LBM;
3. Post-processing through ParaView.

Specifically, the reconstruction of the PTL with target
properties was first implemented in MATLAB and the numeric
matrix information representing this PTL was derived. Sub-
sequently, this matrix file was transferred to the LBM algorithm
written in FORTRAN language, and then was identified and
simulated. Finally, the simulation result files were exported to
ParaView for post-processing to obtain the oxygen/water
distributions. All LBM simulations were conducted on the
Phoenix Cluster of the TU Braunschweig. Four compute nodes
were applied in each case, each configured with two CPU INTEL
Xeon E5-2640v4 and 64GB DDR4-2400 RAM. It took approx-
imately six hours to complete 150,000 simulation steps for each
case.

Results and Discussion

Validation and Analysis

In this section, the reconstruction of the PTL structures is
validated, as conducted in Ref. [10]. In the stochastic reconstruc-
tion algorithm, the fiber diameter was set to 11.0 mm and the
porosity to 54.0%. Fibers were stacked on the in-plane, and the
overlapping of fibers allowed for accumulation.[60] The final 3-D
rendering of the PTL structure reconstructed by the numerical
stochastic method is shown in Figure 3a with a domain size of
200×200×200 mm3. Prior to the validation, the effect of PTL
domain size (also the mesh-convergence) was tested, showing
that spatial resolution is sufficiently fine. In addition, simulations
for PTLs with the same morphological features but different
internal structures indicate similar oxygen saturation profiles,
demonstrating the reliability of subsequent results. For more
details, please refer to the Figure S1 in the Supporting
Information.

As shown in Table 1, the porosity, fiber diameter, and mean
pore diameter of the reconstructed PTL agree well with the
experimental measurement mentioned in literature. In addition
to the basic structural parameters of the PTL, the PSD of porous
structures also plays a pivotal role in mass transport. Figure 3b
shows that the PSD curves are very similar. The small deviation
in the PSD is attributed to the highly stochastic nature of PTL
fabrication/reconstruction. We show that this deviation makes
negligible contribution to the overall oxygen saturation profile
(cf. Figure S1, Supporting Information). Moreover, it is accept-
able in the observed range of porosity/fiber radius/anisotropy
parameter in this work.

Besides, Figure 3c,d show the local porosity and pore
diameter distribution along the through-plane direction of the

Figure 3. a) 3-D rendering of the reconstructed PTL, whereas all rendered PTLs within this work are chosen to have an edge length of 200 μm (or 0.2 mm as
indicated here). b) The PSD; c) local porosity and d) local pore diameter along the through-plane direction for the herein reconstructed PTL.

Table 1. Comparison of structural features between the reconstructed and
experimental PTL.

PTLs Porosity
[%]

Fiber diameter
[μm]

Mean pore diameter
[μm]

Reconstructed
PTL

54.0 11.0 21.8

Experimental PTL 55.0 11.0 20.6
Relative deviation 1.8% 0.0% 5.8%

ChemPhysChem
Research Article
doi.org/10.1002/cphc.202300197

ChemPhysChem 2023, 24, e202300197 (5 of 14) © 2023 The Authors. ChemPhysChem published by Wiley-VCH GmbH

Wiley VCH Montag, 11.09.2023

2318 / 311579 [S. 74/83] 1

 14397641, 2023, 18, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/cphc.202300197 by T
echnische Inform

ationsbibliothek, W
iley O

nline L
ibrary on [31/05/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



reconstructed PTL respectively. In the stochastic reconstruction
algorithm, the fibers that make up the PTL structure were
assumed to be long-straight cylindrical with a fixed and
identical radius, resulting in greatly anisotropic fiber distribu-
tions and orientations in order to meet the target porosity,
which in turn leads to a fluctuating local porosity and pore size
distribution. This difference is also quite severe between
sintered titanium powder-based PTLs and titanium felt-based
PTLs,[9,10,20] in which sintered titanium powder-based PTLs have
a relatively uniform porosity distribution.

After verifying the validity of the PTL stochastic reconstruc-
tion method in this work, the LBM was implemented to obtain
the two-phase (gaseous oxygen/liquid water) distribution inside
the reconstructed PTL to evaluate the impact of the PTL
structural parameters on the transport of oxygen.

In the simulation, the oxygen propagation over time in the
PTL is represented by the numerical results at different
simulation steps, which means that the simulation step

approximately represents the evolution of time. Figure 4 shows
the oxygen propagation pattern in the PTL at the 100,000th

simulation step. In Figure 4, blue color represents oxygen, red
color represents liquid water, and gray color represents solid
fibers. At the 100,000th simulation step, oxygen has been
transported from the bottom to the top of the PTL, and the PTL
is partially flooded with oxygen. Some oxygen has reached the
outlet side of the PTL. The path through which the oxygen
flows from the CL to the BPP is usually termed as a pathway.
Figure 4 shows that several pathways are established for
oxygen to escape from the PTL, which implies an efficient
removal of oxygen from different locations. This finding is
consistent with 2-D observations in previous works.[31,46]

To further observe how oxygen is transported out of the
PTL, a series of 2-D and 3-D snapshots of the oxygen
propagation process at different simulation steps (the 10,000th,
30,000th, 50,000th, 70,000th, 100,000th simulation step) are shown
in Figure 5a,b, where the yellow color represents oxygen, and
the aquamarine represents liquid water. Oxygen moves from
the inlet to the outlet within 70,000 simulation steps, and in the
subsequent process, the liquid water is further displaced and
more pathways are developed. When exploring the formation
of oxygen pathways, it should be emphasized that the develop-
ment rates of these pathways are eminently different, which is
ascribed to the local capillary resistance and pore structure of
the pathway. The solid line in Figure 5c shows the maximum
propagation distance of oxygen as iterations evolve, where the
dashed lines represent the oxygen propagation rate at every
10,000 simulation steps. It is observed that the rate of oxygen
removal is significantly faster at the 0–10,000th simulation steps
and the 50,000th–60,000th simulation steps, which corresponds
to the 0–60 and 150–190 y-positions of the PTL relative
thickness, respectively. Figure 3c,d show that the porosity and
pore diameter are relatively small but uniform at these
positions, while the porosity and pore diameter change more
drastically at the middle position of the PTL, which may be the
reason for the slower propagation of oxygen into this location.

Figure 4. The oxygen propagation pattern in the computational domain at
the 100,000th simulation step. The blue color represents oxygen, the red
color represents liquid water, and the gray color represents solid fibers. The
subsequent figures show oxygen and liquid water in these colors unless
otherwise indicated.

Figure 5. a) Propagation processes of oxygen inside the PTL as the iterative simulation evolves, b) distributions of liquid water (top) and oxygen (bottom),
with solid structures shown transparent at the 100,000th simulation step, and c) the maximum propagation distance of oxygen at different simulation steps.
The colored dashed lines represent the oxygen propagation rate at every 10,000 simulation steps. In (a) and (b), the yellow color represents oxygen, and the
aquamarine represents liquid water.
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A sequence of snapshots for oxygen propagation patterns
at discrete x-locations at different simulation steps (the 30,000th,
50,000th, 70,000th, 100,000th simulation step) is shown in Fig-
ure 6a. The LBM simulations demonstrate an excellent ability to
capture the two phase distributions, mainly due to the ability to
adapt to the physics of pore-scale events such as capillary value
effects (CVE) and Haines jumps.[31] In the above observations, it
was found that oxygen propagation is faster at the inlet and
outlet sides of the PTL due to the more uniform porosity and
pore size distribution, while it is slower at the middle position
of the PTL. Figure 6a illustrates that at the x-position of 100–
140, there is particularly low amounts of oxygen entering in the
early simulation, and as the iteration progresses, the oxygen
distribution at this location is still low and the propagation
develops slowly. However, concentrated oxygen distribution
and rapid development of propagation can be observed at
outer locations of the PTL, which can be observed more
intuitively and clearly from the oxygen propagation patterns at
discrete y-locations at the 100,000th simulation step in Fig-
ure 6b. These observations suggest that the outer structure of
the reconstructed PTL facilitates the rapid propagation and
removal of oxygen, while the inner structural properties will
lead to slow passage of oxygen or even blockage. This
phenomenon can be explained as follows. Figure 6b and
Figure 5b demonstrate the oxygen propagation patterns for
different in-plane locations and the oxygen/liquid water
distribution at the 100,000th simulation step, respectively. It can
be observed in the slice of y ¼ 20 in Figure 6b that the fibers
crisscross on the inlet side of the PTL, resulting in the
intermediate region being almost completely occupied by the
solid structure, which makes it difficult for oxygen to enter

these small pores[44] at the start of the simulation. Moreover,
although the pore space appears to be wider at a position
further down, the oxygen pathways have already formed at the
periphery of the PTL, which means that there is less capillary
resistance for oxygen to escape here.[32] So, the pore structure
in the mid region of the PTL will hardly be fully utilized. As a
result, it will be difficult for the oxygen to move away from this
area.

In the real electrolysis application, this could imply that
such a PTL would not be ideal to maintain the electrochemical
reactions. The lack of transport of oxygen from the reaction
sites of the catalyst layer to the outside would decrease the
overall electrolysis cell performance. Therefore, when designing
or using PTLs, it should be ensured as much as possible that the
side close to the catalyst layer has appropriate porosity and
pore structure, avoiding locally dense fibers, which may block
the pathways of the gas.

So far, the feasibility of the reconstruction method in this
work and the reliability of LBM in predicting oxygen propaga-
tion patterns in PTLs have been demonstrated and verified. In
the following, the impact of the structural properties of the PTL,
including the porosity, fiber radius, and anisotropy parameter,
on mass transport will be analyzed and discussed.

Impact of the Porosity

Five PTLs with varied porosity from 0.44 to 0.84 were
reconstructed as described before (see Figure 2c). Figure 7
shows the detailed spatial structural information corresponding
to the five PTLs. Figure 7a shows that as the porosity increases,

Figure 6. Oxygen propagation patterns at a) discrete x-locations (through-plane) at the 30,000th, 50,000th, 70,000th, and 100,000th simulation step and b)
discrete y-locations (in-plane) at the 100,000th simulation step.
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the pore size shifts to bigger values, which is consistent with
experimental results.[9] Besides, the slope changes significantly.
It is less steep for lower porosity region while it is much steeper
for higher porosity region.

Upon further examination of the structural differences of
the 3-D reconstructed PTLs with different porosity, the local
porosity distribution, the local relative pore radius distribution
along the through-plane direction, and the PSD of the five PTLs
are shown in Figure 7 as well. The concept of relative pore
radius rrel is defined here to evaluate the magnitude of the pore
size variation of the PTLs. It can be calculated as follows
[Eq. (11)]:

rrel ¼
rp
rm (11)

where rp is the local pore radius and rm is the mean pore radius.
Figure 7b shows that the local porosity of the five PTLs along
the through-plane direction fluctuates around their respective
target porosity, and the maximum fluctuation range is � 0.21~
+0.25. The reason for porosity fluctuation has been explained

in the Validation and Analysis section. Likewise, Figure 7c
depicts that the value of pore radius also fluctuates frequently
along the through-plane direction, and a trend can be
observed: As the porosity increases, the pore radius value
fluctuates more frequently and in a greater amplitude, resulting
in more varied local pore structural characteristics. Figure 7d
indicates that the PTL with a low porosity features a more
uniform pore size.

LBM simulations were implemented for the five recon-
structed PTL structures. Figure 8a shows imbibition curves of
oxygen into the pores of the PTLs with different porosity. After
150,000 simulation steps, the PTLs with the porosity of 0.84 and
0.74 have already reached full saturation, those with 0.64 are
almost saturated, and those with 0.54 and 0.44 still need longer
to reach full saturation with oxygen. At the same simulation
step, the oxygen saturation is higher in the PTL structure with
higher porosity. The PTL with a porosity of 0.44 takes 114,000
simulation steps to reach a saturation of 0.4, which is
approximately two times and twelve times the simulation steps
required for PTLs with a porosity of 0.54 or 0.84, respectively. All
in all, these results reveal that more oxygen can be transported
out of the PTL with higher porosity.

Figure 9 shows the LBM simulation results of PTLs with
different porosity at the 20,000th simulation step. In the PTL
with a higher porosity, oxygen not only invades faster, but also
appears to reach more propagation pathways, especially in the
early stage of propagation. In practical applications of PTLs, it is
not only the rapid formation of oxygen propagation pathways
that is required, but also the number of propagation pathways
in the PTL is crucial as this will avoid localized oxygen blockages
at the PTL-CL interface. For the lower-porosity PTL structures,
the resistance experienced by oxygen to be transported out of
the PTL is greater. While for the higher-porosity PTLs, this
resistance is relatively small and the sparsely distributed Ti
fibers lead to more possibilities for oxygen removal from the
catalyst layer and the PTL. This fact ultimately leads to faster
oxygen removal and more pathways in the higher-porosity PTL
structures.

Figure 7. a) The mean pore radius, b) local porosity distribution, c) local
relative pore radius distribution along the through-plane direction, and d)
the PSD of PTLs with different porosity (the five PTLs have a consistent fiber
radius of 5.0 μm).

Figure 8. The oxygen saturation as the iteration evolves for PTLs with a) different porosity, b) different fiber radii, and c) different anisotropy parameters.
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Impact of Fiber Radius

Four reconstructed PTLs with the same porosity of 0.74 and
different fiber radii (3.0 μm, 4.0 μm, 5.0 μm, and 6.0 μm,
respectively) are shown in Figure 2d. The mean pore radii of the
four PTLs are also calculated and shown in Figure S2 (cf.
Supporting Information), which are 12.3 μm, 17.8 μm, 23.5 μm,
and 26.3 μm, respectively. For PTL structures with the same
porosity and domain size goes that the larger the radius of the
fibers constituting the porous structure, the larger the mean
pore size of the PTL. Figure S2 also demonstrates the local
porosity distribution, local relative pore radius distribution
along the through-plane direction, and the PSD of the four
reconstructed PTLs respectively. Although the fiber radii differ
from each other, for PTL structures with the same porosity, the
local porosity variation along the through-plane direction is
almost identical. On the contrary, it can be observed in
Figure S2 that the PSD of the PTL with a smaller fiber radius is
relatively sharper and denser, which indicates a more uniform
pore size, and as the fiber radius increases, the fluctuation
range of the pore size value becomes wider. Table 2 lists the
mean and extreme values of the pore size of the PTLs with
different fiber radius values.

Again, LBM simulations were performed with the four
reconstructed PTLs, and the oxygen saturation is obtained as
shown in Figure 8b. Except for the PTL with a fiber radius of
3.0 μm that has not reached full saturation after 150,000
simulation steps, all PTLs have reached full saturation. It appears
that the larger the fiber radius value, the faster the saturation.
These four PTL structures comprise the same porosity distribu-
tions, and the only variable is the pore size resulting from varied
fiber radii. It can be concluded that the oxygen removal rate
from the PTL is proportional to the fiber radius.

In addition, an interesting phenomenon is found in the
oxygen saturation curve of the PTL with a fiber radius of 6.0 μm
in Figure 8b: Two “spikes” appear during the development of
the oxygen saturation curve. Inspection of the oxygen prop-
agation process revealed that oxygen has already been trans-
ported to the outlet side of the PTL in less than 10,000
simulation steps, as shown in Figure 10. Furthermore, it can be
observed from the local relative pore radius distribution in
Figure S2 that the pore size of the PTL with a fiber radius of
6.0 μm increases dramatically at the outlet side of the PTL,
implying that oxygen transported to the pores at this location
requires a pressurization and penetration process.[46] During the
pressurization, oxygen accumulates in the pores and the
oxygen saturation rises; once the condition for “penetration” is
reached, oxygen is rapidly transported out of the PTL, causing a
brief drop in oxygen saturation, and resulting in a “spike”
phenomenon.

From the 3-D PTL cubic structure, a 2-D slice was made
along the volume diagonal to obtain the 2-D oxygen
propagation patterns. The effect of the pore distribution on the

Figure 9. Oxygen distributions at the 20,000th simulation step of PTLs with different porosity.

Table 2. The pore sizes of PTLs with the same porosity of 0.74 and
different fiber radii.

Fiber radius
[μm]

Mean pore radius
[μm]

Max. pore radius
[μm]

Min. pore radius
[μm]

3.0 12.3 26.6 6.8
4.0 17.8 47.4 8.6
5.0 23.5 62.9 10.0
6.0 26.3 71.5 11.8

Figure 10. Oxygen distribution at the 10,000th simulation step of the PTL
with a fiber radius of 6.0 mm. The circle indicates oxygen clusters reaching
the outlet.
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transport of oxygen is illustrated by taking the simulation
results at the 20,000th simulation step as an example (cf.
Figure 11). Although the PTL structure with a higher mean pore
size has a significant advantage in the removal of oxygen from
the porous structure, it can still be observed that the middle
location of the PTL structure with a fiber radius of 6.0 mm is
blocked for the transport of oxygen, which is mainly caused by
unreasonable pore distribution in certain locations. Therefore, it
should be noted that the pore distribution in the PTL has a
significant impact on mass transport, and a reasonable pore
distribution will be more beneficial to the supply of water from
the flow channel to the catalyst layer and the removal of
oxygen from the catalyst layer to the flow channel.

Figure 12 demonstrates the evolutions of oxygen propaga-
tion patterns for PTLs with a fiber radius of 3.0 μm and 4.0 μm.
The rightmost plots in Figure 12 show the pore structure, where
black represents solid fibers and gray represents pore space.
With the iteration evolution, oxygen continuously permeates
the PTL pore structure, and several local 2-D oxygen propaga-
tion pathways can thus be generalized, as shown by the colored
solid lines in Figure 12 (right side). It is indicated that the
propagation pathways consist of a series of sparsely distributed
pores. The pathway indicated in red is almost the fastest to
break through, which means the least resistance is required for
the removal of oxygen here. When an oxygen propagation
pathway is established, the formation of a new pathway needs
to overcome greater resistance than it takes to follow the
established pathway.[32] In addition to this finding, the prop-
agation pathways in the PTL with a fiber radius of 4.0 μm are
formed much earlier than that in the PTL with a fiber radius of
3.0 mm.

Impact of Anisotropy Parameter

A novel angled gas diffusion layer capable of enhancing the
performance of PEMFC was proposed in the work of Zhu
et al.[61] To the best of our knowledge, the herein presented
work is the first study on the impact of fiber orientation of the
felt PTL on the mass transport within PEMECs. Six PTLs sharing
a fixed porosity of 0.74 and a fiber radius of 4.0 μm with
different fiber orientations were reconstructed to explore the
impact of structural anisotropy on oxygen removal from PTLs,
as shown in Figure 2e. Figure 13 demonstrates the distributions
of polar angle q values describing the angle between fiber
orientation and through-plane of PTLs with different b values.
As the b value approaches the value of one, more fibers tend to

Figure 11. 2-D slices of oxygen propagation patterns at the 20,000th simulation step of PTLs with different fiber radii.

Figure 12. 2-D slices of oxygen propagation patterns of PTLs with a fiber radius of 3.0 μm and 4.0 μm as the iteration evolves.

Figure 13. The q distributions of PTLs with different b values.

ChemPhysChem
Research Article
doi.org/10.1002/cphc.202300197

ChemPhysChem 2023, 24, e202300197 (10 of 14) © 2023 The Authors. ChemPhysChem published by Wiley-VCH GmbH

Wiley VCH Montag, 11.09.2023

2318 / 311579 [S. 79/83] 1

 14397641, 2023, 18, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/cphc.202300197 by T
echnische Inform

ationsbibliothek, W
iley O

nline L
ibrary on [31/05/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



be at a 45° (also 135°) angle to the through-plane, resulting in a
uniformly distributed structure. When the b value is 10,000, all
fibers are oriented at 90° direction, which indicates that the
fibers will be stacked horizontally.

The b value affects the internal structural characteristics of
the PTL by changing the orientation of the fibers. Figure S3 (cf.
Supporting Information) plots the mean pore radii and the
internal details of these reconstructed PTLs with different b

values. Overall, compared to porosity and fiber radius, the
anisotropy parameter does not affect the mean pore size very
strongly. When the PTL structure has a small b value, it tends to
be uniform in all directions, the mean pore radius is smaller,
and the pore size distribution becomes denser. The pore radius
of the PTL with a b value of 2 ranges from 10.8 μm to 18.6 μm,
while that with a b value of 10,000 ranges from 8.6 mm to
47.4 μm. In addition to the mean pore radius and pore size
distribution, the local porosity distribution and local relative
pore radius distribution of PTL structures with different
anisotropy parameters also differ from each other. In addition, a
correlation between the local porosity/pore radius distribution
along the TP direction and PSD can be derived from Figure S3.
The local porosity/pore radius fluctuates less drastically, if the
PSD exhibits steeper curves, i. e., more homogenous pore sizes.

After elucidating the impact of the anisotropy parameter on
the internal structural characteristics of PTLs, LBM-based
simulations were performed for these PTLs. Oxygen saturation
results with iteration evolution are obtained as shown in
Figure 8 (c). All PTLs eventually reach full saturation at about
the same simulation step, but before reaching full saturation,
PTLs with smaller b values are able to reach the same saturation
level earlier than PTLs with larger b values. It is particularly
worth noting that although PTLs with larger b values have
relatively larger mean pore radii, they are not more favorable
regarding the removal of oxygen here.

Although the anisotropy parameter only has a slight impact
on the oxygen saturation for the PTLs with a relatively higher
porosity, the PTL with a small b value can still achieve a local
oxygen propagation pathway faster, as shown in Figure 14a. In

addition, the fibers with small b values are not parallel to the
interface between the PTL and CL, but at a certain angle. The
oxygen generated by the electrochemical reaction on the CL
can enter the nearby pore space in time and escape through its
local pathway, avoiding the stay at the reaction site and
facilitating the supply of water and the progress of the local
electrochemical reaction. Figure 14b shows that a PTL with a
smaller b value is beneficial to the convergence of oxygen, and
because there is no obstruction of transverse fibers, oxygen
bubbles can pass through various positions in the in-plane. On
the contrary, a PTL with a larger b value may cause the local
pores in the in-plane to be unable to be utilized for oxygen
removal due to the dense crisscross of fibers.

Optimal Oxygen Transport in PTLs

In previous studies,[20,29,44,51] spatially gradient-porosity PTLs were
proposed to trade off ohmic losses and mass transport losses,
which further enhanced the performance of PEM electrolyzers.
Although the low-to-high porosity PTL configuration from CL to
BPP has been reported to enhance the performance of PEM
electrolyzers, the mass transport behavior within the PTL has
not been investigated in detail.

Herein, we analyze first two configurations to elucidate the
impact of the directionality of the porosity gradient (low-to-
high and high-to-low porosity). The PTL configuration for the
low porosity region adjacent to the CL and high porosity region
close to the BPP is denoted as “LtoH”, and vice versa as “HtoL”.
Besides, another PTL structure with the same porosity gradient
as “LtoH” (0.44–0.74 from the CL to the BPP) but with a different
fiber radius and orientation was reconstructed and noted as
“LtoH_opt”, which is expected to enhance the mass transport
behavior. These graded PTLs were obtained by merging two
layers of PTLs of the same thickness with different porosity into
one layer, as shown in Figure 15a. The differences in porosity
gradient and fiber parameters of the three graded PTLs are
shown in Figure 15b.

Figure 15c and Figure 16 demonstrate the gas saturation
profiles and oxygen propagation processes obtained via LBM
simulations. The PTLs “LtoH” and “LtoH_opt” exhibit a com-
pletely different trend compared to “HtoL” in terms of gas
saturation profiles, as shown in Figure 15c. The PTL “HtoL”
shows significantly higher gas saturation in the high-porosity
region near the CL and extremely low gas saturation in the low-
porosity region near the BPP. Along the through-plane
direction, the gas saturation of “HtoL” becomes progressively
lower, with an abrupt drop in saturation at the corresponding
position in the transition from the high to the low porosity
region. This phenomenon can be attributed to the difference in
the resistance to gas removal caused by the pore structures.
Figure 16a indicates that during the gas propagation process,
oxygen first accumulates preferentially in the larger pores in the
high porosity region, while the sudden reduction in porosity
results in smaller pores and thus displaying greater resistance
to gas removal[44] and slower propagation rates. This behavior
will eventually result in the oxygen near the CL side not being

Figure 14. a) Oxygen (yellow) and water (aquamarine) distributions and b) 2-
D slices of oxygen propagation patterns at y ¼ 50 mm in-plane at the
20,000th simulation step of PTLs with different b values.

ChemPhysChem
Research Article
doi.org/10.1002/cphc.202300197

ChemPhysChem 2023, 24, e202300197 (11 of 14) © 2023 The Authors. ChemPhysChem published by Wiley-VCH GmbH

Wiley VCH Montag, 11.09.2023

2318 / 311579 [S. 80/83] 1

 14397641, 2023, 18, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/cphc.202300197 by T
echnische Inform

ationsbibliothek, W
iley O

nline L
ibrary on [31/05/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



removed in time, impeding the supply of reactant water and
thus leading to both mass transport limitations and membrane
dehydration in the context of electrolyzer operation.[62–64] In
contrast, PTL configurations ranging from low to high porosity
provide relatively satisfactory results. Both “LtoH” and “LtoH_
opt” show a strong ability to transport the oxygen out of the

PTLs (cf. Figure 16b,c). The transition in porosity from low to
high allows oxygen to be transported away from the CL and to
accumulate in the pores close to the BPP and subsequently
flow out quickly. The impact of the directionality of the porosity
gradient on mass transport behavior is tentatively demon-
strated, with a low to high porosity from the CL to BPP

Figure 15. a) 3-D renderings of the reconstructed graded PTLs. b) The structural features of the three graded PTLs. c) The gas saturation profiles at the
150,000th simulation step obtained via LBM simulations for different graded PTLs.

Figure 16. The oxygen propagation processes of the graded PTLs: a) HtoL, b) LtoH and c) LtoH_opt.
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facilitating oxygen removal and water supply. More promisingly,
the optimal performance seems to be obtained from PTL
“LtoH_opt” by tailoring the fiber properties of PTLs with the
same porosity gradient. As can be seen from the red and black
dotted lines in Figure 15c, at each position along the TP
direction, the “LtoH_opt” exhibits a higher oxygen saturation
relative to the “LtoH”, which indicates that the structure is more
conducive to the rapid propagation of oxygen into the pore
spaces and the subsequent rapid removal. Comparing the
oxygen propagation processes in Figure 16b,c, the “LtoH_opt”
exhibits faster propagation and more propagation pathways at
the same simulation step, which indicates that better oxygen
removal can be expected for the operation of an electrolyzer
with this PTL configuration.

For future practical implementation, we offer some ideas for
reproducing this structure. The main difference from conven-
tional felt PTLs is that we propose to adjust the fiber
orientation. Thus, techniques such as 3D printing could be an
option to manufacture separately the top and bottom layers
with individual porosity and fiber characteristics of the PTL. The
fibers should be oriented at an angle of 30–45° to the in plane.
Subsequently, the two layers are merged into a complete PTL
by compression or hot pressing for the electrolyzer assembly.

Conclusions

In this work, a stochastic numerical reconstruction method for
titanium felt-based PTLs of PEMEC was applied to reconstruct
PTLs with customized structural properties. These reconstructed
PTLs were simulated by LBM to obtain oxygen propagation
patterns and two-phase distributions. The results were used to
assess the impact of PTL structures on the transport of oxygen
and then to tailor a customized graded PTL with optimal mass
transport performance. Structural characteristics from reported
experimental PTLs in the published literature were used to
verify the validity of the method and the results are in good
agreement. The LBM results show that: 1) a higher porosity of
PTLs favors the removal of oxygen; 2) the removal rate of
oxygen is proportional to the fiber radius of PTLs; 3) PTLs with
an angle between the fiber and the interface of the PTL and CL
facilitate the removal of oxygen. Besides, relatively uniform
porosity and sharp pore size distribution favor the rapid
formation of oxygen propagation pathways and the sides of
PTLs near the CL should avoid too dense fiber crossing, which
should be ensured maximally in the design and manufacture of
all PTLs. More importantly, the low-to-high porosity PTL
configuration from the CL to BPP is able to enhance the
transport of oxygen. This can be the primary options for
weighing mass transport and interfacial contact. The graded
PTLs obtained by tailoring the fiber properties allow for optimal
mass transport performance. For the first time, the impact of
the PTL anisotropy on mass transport behavior was investigated
and the mass transport performance of a graded PTL was
optimized by parametrically tailoring and customizing the fiber
properties. From this work, a systematic approach for exploring
the impact of PTL structural properties on the oxygen transport

within the PTL of electrolyzers and a few PTL design
suggestions are obtained. This approach and the conclusions
provide effective insights into designing PTL materials to
enhance the performance of PEM electrolyzers for future
applications.
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