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 A B S T R A C T

Reducing the dependency of proton exchange membrane water electrolyzers (PEMWE) on precious metals, 
such as iridium (Ir), is necessary to develop a widespread green hydrogen system. This challenge requires 
a careful design of the interface between the anode porous transport layer (PTL) and the catalyst layer 
(CL). A comprehensive numerical analysis of relevant parameters that govern the behavior of the anode 
PTL/CL interface is presented. Calculations are also combined with an experimental characterization of the 
thickness and electrical conductivity of an unsupported CL as a function of Ir loading. The results show that 
the in-plane electrical resistance at the anode PTL/CL interface plays a critical role in cell performance. 
Reaching an acceptable electrical resistance at low Ir loading (𝐿Ir ≃ 0.1 mgIr , cm−2) can be accomplished 
through the incorporation of a micrometer-sized microporous layer (MPL) onto the PTL or the preparation of 
bimodal CLs with a secondary conductive phase. Further reduction of the Ir loading to the ultra-low regime 
(𝐿Ir ≲ 0.1 mgIr , cm−2) may require the use of nanometer-sized MPLs with unsupported CLs or micrometer-sized 
MPLs with bimodal CLs. Furthermore, the decline of the volume reactive area at ultra-low Ir loading needs a 
maximization of the exchange current density and the specific electrochemical surface area, and a decrease of 
the catalyst oxygen coverage factor in the anode CL.
. Introduction

Governments around the world have committed to decarbonize 
heir economies by 2050 or earlier. In this endeavor, the use of hydro-
en as an energy vector is expected to play a role of paramount impor-
ance [1–3]. Among the different routes toward hydrogen generation, 
reen hydrogen production with polymer electrolyte membrane water 
lectrolyzers (PEMWEs) is regarded as an efficient technology to split 
ater into hydrogen and oxygen using renewable power sources, such 
s solar, wind, or geothermal energies [4–6]. However, widespread 
doption of PEMWE technology is hindered by the need to ensure high 
erformance and durable operation, while reducing the use of noble 
etals. In particular, decreasing the amount of iridium (Ir) is necessary, 
ince it is one of the most expensive and rarest materials in the Earth’s 
rust [7–9]. To achieve this goal, an optimized design of the porous 
omponents and interfaces found in PEMWEs is mandatory [10–12].
The core structure of a PEMWE is the so-called membrane electrode 

ssembly (MEA) [13,14]. It is composed of a central proton-exchange 
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membrane (PEM), and two, anode and cathode, catalyst layers (CLs) 
and porous transport layers (PTLs), placed at both sides of the PEM [15,
16]. The MEA is further sandwiched between two bipolar plates (BPPs), 
where the flow fields are grooved on them. The electrochemical re-
actions, the oxygen evolution reaction (OER) at the anode and the 
hydrogen evolution reaction (HER) at the cathode, take place in the 
CLs. The PTLs and BPPs are responsible for allowing the transport of 
reactants and products to/from the CLs, water and oxygen at the anode, 
and hydrogen at the cathode. Furthermore, they must be electroni-
cally conductive to transport electrons generated and consumed in the 
CLs [17]. The PEM conducts protons from anode to cathode, closing 
the electrochemical circuit, while maintaining both cell compartments 
isolated and hindering the crossover of species, especially hydrogen 
diffusion and permeation [18]. The largest potential loss in a PEMWE 
is usually caused by the activation overpotential of the sluggish OER 
and the ohmic overpotential, so an adequate design of the anode PTL 
and CL, and their interfaces, is particularly important to optimize 
performance [12].
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Nomenclature

Symbols

𝐴𝑅 Anisotropy ratio/–
𝑎 Specific surface area/m−1

𝐵𝑅 Blockage ratio/–
𝑏 Depth/m
𝑑 Diameter/m
𝐸𝑊 Equivalent weight/kgmol−1

𝐸rev Reversible voltage/V
𝐹 Faraday constant (96485.333Cmol−1)
𝑓𝑣 Water volume fraction/–
𝐺 Gibbs free energy/Jmol−1

𝐻 Enthalpy/Jmol−1

𝐼 Current density/Am−2

𝐼𝑅 Intrusion ratio/–
𝑖𝑜 Exchange current density/Am−2

𝐾 Permeability/m2

𝑘𝑟 Relative permeability/–
𝐿Ir Iridium loading/kg m−2

𝐿𝑠 Intrusion length/m
𝓁𝑝 In-plane transport length/m
𝑀H2O Molecular mass of water/kgmol−1

𝑀O2
Molecular mass of oxygen/kgmol−1

𝑚 Van Genuchten’s parameter/–
𝒏 Outward unit normal vector/–
𝑛 Van Genuchten’s parameter/–
𝑛𝑐 Coverage exponent/–
𝑝 Pressure/Pa
𝑝𝑐 Capillary pressure/Pa
𝑝cb Van Genuchten’s parameter/Pa
𝑅 Universal gas constant (8.314 JK−1 mol−1)
𝑅𝑒 Electrical resistance/Ωm2

𝑆 Entropy/Jmol−1

𝑆𝑟 Reaction source term/Am−3

𝑠 Liquid saturation/–
𝑠𝑚 Maximum saturation/–
𝑇 Temperature/K
𝑉 Molar volume/m3 mol−1

𝑉cell Cell voltage/V
𝑤 Half-width/m
𝑥 In-plane coordinate/m
𝑦 Through-plane coordinate/m
Greek letters
𝛼 Transfer coefficient/–
𝛿 Thickness/m
𝜀 Porosity, volume fraction/–
𝜂 Overpotential/V
𝛬 Threshold/Ωm2, –
𝜆 Water content/–
𝜇 Dynamic viscosity /kg m−1 s−1

𝜌 Density/kgm−3

𝜎 Conductivity/Sm−1

𝜙 Potential/V

In the last decades, a large body of work has been devoted to 
the development of novel porous components with the aim of in-
creasing PEMWE efficiency and durability, and reducing the use of 
2 
Subscripts and superscripts
𝑎 Anode
𝑐 Cathode
cl Catalyst layer
𝑒 Electric
eff Effective
eq Equivalent
𝑔 Gas
𝑖 Ionomer
in Inlet
𝑖𝑝 In-plane
𝑙 Liquid
max Maximum
op Operating
out Outlet
𝑝 Porous or protonic
pem Proton-exchange membrane
ptl Porous transport layer
𝑟 Residual
ref Reference
𝑠 Solid
𝑣 Void
𝑤 Water

noble metals, such as Ir loading in the anode CL. The work has been 
strengthened in the last few years due to the growing urgency to 
decarbonize the energy sector and to establish a more sustainable 
hydrogen economy [19,20]. Current areas of intense research by the 
scientific community include but are not limited to: (𝑖) development 
of composite PEMs and hydrocarbon-based PEMs, as an alternative to 
costly perfluorosulfonic acid (PFSA) membranes, such as Nafion [21–
25]; (𝑖𝑖) study of different CL preparation techniques, namely catalyst-
coated membrane (CCM), porous transport electrode (PTE) and direct 
membrane deposition (DMD) [26–28]; (𝑖𝑖𝑖) reduction of Ir loading in 
the anode CL, either through the development of novel electro-catalysts 
for the OER or the improvement of triple phase point distribution at the 
anode PTL/CL interface [29–34]; (𝑖𝑣) synthesis of alternative electro-
catalysts for the HER with reduced cost and improved stability [35–37]; 
(𝑣) development of anode PTLs and BPPs with enhanced corrosion 
resistance and organized microstructures to promote two-phase flow, 
while providing good thermal and electrical conductivity [38–40]; and 
(𝑣𝑖) design of flow field configurations with improved reactant supply 
and product removal rates [41–43].

Among the various topics enumerated before, one of the recent 
research lines that has most attracted the interest of the community 
is the incorporation of a microporous layer (MPL) at the anode PTL/CL 
interface [32–34,44]. This approach has been traditionally applied in 
polymer electrolyte membrane fuel cells (PEMFCs) to improve water 
transport at the cathode [15,45–47]. However, the applicability of an 
anode MPL in PEMWEs is relatively new and poorly understood yet. 
For instance, mass transport losses are significantly less important in 
PEMWEs than in PEMFCs, so that the beneficial impact of an anode 
MPL must be complemented by other arguments. It is believed that 
the performance promotion achieved with an anode MPL is mainly 
explained by an improvement of electron transport and catalyst utiliza-
tion [48–50]. The impact of the anode MPL on PEMWE performance 
must be further investigated by a combination of experimental and 
numerical work. In this regard, mathematical modeling provides a 
powerful tool to analyze transport phenomena that take place at the 
nano-/micro-metric scale [12,51]. Furthermore, modeling allows the 
realization of a comprehensive parametric analysis of the problem, 
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which would be more difficult to accomplish in experiments due to 
the large number of variables, the material cost, and the difficulty to 
maintain similar conditions during parameter sweep. Hence, further 
insight on the implications of the use of an anode MPL must be attained 
by numerical means to improve our current understanding and drive 
novel designs. Relevant experimental and numerical works that have 
studied the incorporation of an anode MPL in a PEMWE are reviewed 
below.

Deng et al. [44] (2023) analyzed the performance of titanium (Ti)C-
coated MPLs. Polarization experiments showed that the addition of an 
anode MPL decreased electrical contact resistance, improved the elec-
trochemical performance, and reduced the mass transfer resistance at 
high current density. Moreover, the MPL addition enhanced the corro-
sion resistivity of the PTL. Ernst et al. [33] (2024) fabricated and tested 
an anode PTL with a thin Ti MPL (thickness, 25 μm), featuring a small 
pore size of 2 μm and low surface roughness. The porosities of the PTL 
and the MPL were roughly the same, 𝜀aptl ≈ 𝜀ampl ≈ 0.4. The PTL/MPL 
sample showed a reduction of the high-frequency resistance (HFR) 
compared to the as-received single-layer PTL, which was attributed 
to a partial reduction of the TiO2 surface passivation layer during 
the sintering process. No significant variation of the mass transport 
resistance was observed. Schuler et al. [34] (2024) developed an ultra-
thin MPL (thickness, 20 μm) for its use in the anode of a PEMWE at low 
Ir loading (𝐿Ir = 0.4 mgIr cm−2). The incorporation of the anode MPL, 
in combination with a thin PEM, improved the performance of state-of-
the-art PTLs by up to 0.1 V at 7 A cm−2. In addition, hydrogen crossover 
was significantly suppressed at low current density. Weber et al. [52] 
(2024) combined advanced synchrotron and X-ray imaging techniques 
with electrochemical characterization to assess the impact of anode 
MPL addition on the performance of CLs at different Ir loadings (𝐿Ir =
0.1–2.5 mgIr cm−2). They concluded that the incorporation of an anode 
MPL exhibited significant benefits for reducing Ir loading, decreasing 
the voltage loss due to the increase of in-plane conductivity and better 
catalyst utilization. More recently, Hasa et al. [32] (2025) found that 
the use of an anode MPL is particularly effective at low Ir loading 
due to the facilitation of electron transfer and oxygen removal, which 
improved performance.

The number of numerical works that have focused on the study of 
the anode MPL is significantly lower. Lee et al. [53] (2019) applied 
pore network modeling for the first time to study two-phase transport 
on stochastically reconstructed PTLs. They found that the presence of 
large open pore space between the PTL and CL is catastrophic for 
effective reactant transport due to localized accumulation of oxygen. 
The introduction of a porosity gradient, increasing from the PTL/CL 
interface to the PTL/flow field interface, decreased gas saturation. As 
a result, they concluded that the use of an MPL at the anode PTL/CL 
interface is recommended to improve contact and oxygen permeation 
away from the CL. In a subsequent work, Lee and Bazylak [54] (2020) 
examined the effects of tailoring the sintered titanium powder diameter 
and porosity on reactant transport and PTL/CL interfacial contact. From 
the results, they suggested the use of a PTL with a pore diameter 
𝑑aptl𝑝 = 25 μm and a porosity 𝜀aptl = 0.265/𝜀aptl = 0.405 for a PEMWE 
operating at non-starvation/starvation conditions. Recently, Lee [55] 
(2024) presented a stochastic model for the generation of MPLs used 
in PEMWEs. Three types of MPLs were generated: (𝑖) single-layer 
MPL, (𝑖𝑖) MPL with pore formers, and (𝑖𝑖𝑖) bilayer MPL. The analysis 
of the surface roughness and pore network simulations revealed the 
importance of particle size in MPL design.

The above literature review highlights the relevant role that the 
incorporation of an anode MPL can play on PEMWE operation. How-
ever, most of the numerical work has only focused on the potential 
impact of the anode MPL on two-phase transport. There is still a need 
to investigate the behavior of the anode PTL/CL interface, considering 
more comprehensive models that include simultaneously the effect of 
electron and ionic transport, in addition to two-phase transport. The 
purpose of this work is to address this gap through the achievement of 
3 
three main objectives: (𝑖) to develop strategies to reduce Ir loading, 
(𝑖𝑖) to identify critical design parameters of the PTL/CL interface, 
and (𝑖𝑖𝑖) to use the complementary role of numerical modeling and 
experimental validation. A 2D isothermal, two-phase electrochemistry 
model is used for the analysis. The moderate computational cost of 
the 2D model is ideal to carry out a comprehensive parametric study 
in terms of relevant parameters, namely CL thickness and effective 
electrical conductivity, PTL interfacial pore radius and porosity, CL 
conductivity anisotropy ratio, and PTL/CL intrusion. The computed 
results are used to extract good design guidelines for the construction 
of high-performance anodes at low and ultra-low Ir loading. Currently, 
only a limited number of works has been published on ultra-low Ir 
loading and modeling of CL microstructure, which further motivates 
this work.

The organization of the paper is as follows. In Section 2, the 
experimental methodology used to determine the thickness and the 
effective electrical conductivity of unsupported and metal-doped CLs is 
presented. In Section 4, the case studies examined in the parametric 
analysis are described. In Section 5, the results are discussed, with 
a focus on the design of high-performance PEMWEs at low (𝐿Ir ≃
0.1 mgIr cm−2) and ultra-low (𝐿Ir ≲ 0.1 mgIr cm−2) Ir loadings. First, 
the baseline effect of the CL thickness and the effective electrical 
conductivity on performance is examined. Then, mitigation strategies 
to palliate the performance drop at the anode PTL/CL interface are 
studied, considering the interfacial PTL pore radius and porosity, CL 
conductivity anisotropy, and intrusion ratio of the anode PTL into the 
CL. Subsequently, global relationships are extracted from the full results 
dataset for the design of high-performance PEMWEs with reduced Ir 
loading. In Section 6, the concluding remarks are presented, together 
with the future work.

2. Experimental

Unsupported amorphous Ir oxide (IrOx, TEC77100, Tanaka, Japan), 
titanium-doped IrO2 (Ti-doped IrO2, Elyst Ir75-0480, Umicore), and 
niobium-doped IrO2 (Nb-doped IrO2, Elyst Ir75-0520, Umicore) were 
used as the anode catalyst. Both Ti and Nb were examined as dopants 
partially replacing atoms in the IrO2 crystal structure. Ti and Nb have 
been widely used as dopants due to their abundance and stability. Opti-
mal level of dopants in Ir oxide can enhance mass activity, stability and 
durability [56]. This approach is different from that used by Ferner and 
Litster, who introduced a secondary phase (Pt-black) to form a hybrid 
mixture with the catalyst [57]. In each of the three cases, four to five 
Ir loadings, ranging from 0.1 mgIr cm−2 to 1 mgIr cm−2, were selected to 
investigate the changes in the electrical conductivity. All CCMs were 
fabricated using the decal transfer method, featuring a 2.24 cm×2.24 cm
rectangular IrOx CL on one side. A 130 μm-thick PTFE decal with a 
known loading of IrOx coating was hot-pressed onto a 50 μm thick 
Nafion NR212 membrane at a temperature of 135 ◦C and a pressure of 
0.6 ton cm−2 to form the CCM for in-plane conductivity measurements. 
The through-plane conductivity is expected to be similar to the in-plane 
conductivity due to the rather isotropic morphology of the CLs [58].

The five unsupported IrOx CLs were imaged with cross-section SEM 
to measure the variation of the thickness with increasing Ir loading. A 
1 cm by 1 cm section of each of the IrOx coated Nafion 212 membranes 
was cut and mounted between two carbon-fiber papers (Freudenberg 
H23I2) in between a metal mounting clip (Prod No. 813-210, Ted Pella, 
Inc.). This clip setup was then covered with epoxy to provide a short 
cylinder with the sample in the middle. These cylinders were then 
polished to reveal a cross section of the IrOx coated membrane for 
cross-section SEM imaging. After polishing, the samples were mounted 
on aluminum SEM stubs with carbon tape, sputtered with 3 nm of Ir, 
and had copper tape affixed from the edge of the metal clip to the 
aluminum stub. The CLs were imaged with the FEI Quanta 3D at an 
accelerating voltage of 20 kV, zoom of 1500×, and 20 μs dwell time 
per pixel (total of 72 s acquisition time per image). This led to SEM 
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Fig. 1. (a) Cross-sectional SEM images of the unsupported anode CLs with different Ir loadings, 𝐿Ir ≈ 0.1, 0.3, 0.5, 0.7, 1 mgIr cm−2. The extent of variation of the anode CL is indicated 
between red lines. (b) Schematic of the four-point probe setup used to measure the effective electrical conductivity of anode CLs.
images with 2048 by 1768 pixels, featuring a pixel height and width of 
48.6 nm. About 10 images per CL sample were captured for the thick-
ness determination step. To measure the thickness of each CL sample, 
the images were loaded as a single image stack into FIJI ImageJ, with 
a pixel size of 48.6 nmpixel−1. Given the thickness heterogeneity of the 
samples [57] (see Fig.  1(a)), 100 total spots were chosen throughout 
the CL images to estimate the average thickness using the line tool.

The four-point probe (Ossila, Sheffield, UK) was used to measure 
the electrical sheet resistance, resistivity, and conductivity. The device 
consisted of four soft contact probes, each with a rounded tip and 
a radius of 0.24 mm. These probes were evenly spaced at 1.27 mm
intervals. Fig.  1(b) illustrates the four-point probe experimental setup. 
A DC current was applied between the outer two probes, and the 
corresponding voltage drop was measured in between the inner two 
probes. A known conductivity (50 S cm−1) standard substrate (FTO-
coated glass) with dimensions of 60mm × 60mm and a thickness of 
2.2 mm was measured to validate the device’s precision before the mea-
surements. For each sample, the mean sheet resistance was obtained by 
averaging a hundred data points within 5 s. The sheet resistance, 𝑅 , 
𝑒,𝑠

4 
was calculated according to the following expression 

𝑅𝑒,𝑠 =
𝜋𝛥𝑉
𝐼 ln(2)

= 4.53236 𝛥𝑉
𝐼

[Ωm−2] (1a)

where 𝛥𝑉  is the cell voltage measured between the inner probes, and 𝐼
is the current applied between the outer probes. The effective electrical 
resistivity, 𝜌acl𝑒 , and conductivity, 𝜎acl𝑒 , were obtained by introducing the 
CL thickness, 𝛿acl, so that

𝜌acl𝑒 = 𝑅𝑒,𝑠 𝛿acl (1b)

𝜎acl𝑒 = 1
𝜌acl𝑒

(1c)

where 𝜌acl𝑒  and 𝜎acl𝑒  are expressed in Ωm and Sm−1, respectively.
The experimental results of the CL thickness and the effective 

electrical conductivity are presented in Fig.  2(a)–(b), respectively, com-
pared with previous data from various literature sources [52,57,59–
64]. The values of the experimental electrical conductivity data as a 
function of Ir loading are listed in Table  1. As shown in Fig.  2(a), the 
CL thickness of conventional unsupported CLs increases almost linearly 
with the Ir loading, growing from 𝛿 ≈ 0.5 μm (𝐿 ≈ 0.1 mg cm−2) 
acl Ir Ir
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Fig. 2. (a) Variation of the thickness of conventional unsupported IrOx CLs, 𝛿acl, as a function of the Ir loading, 𝐿Ir . Both the data measured in this work and the data collected 
from various literature sources [52,59–64] are included, along with the linear fit to the full dataset. The errorbars indicate the variability of the thickness among the 100 realizations 
considered for each sample. (b) Variation of the effective electrical conductivity of the anode CL, 𝜎acl

𝑒 , as a function of the Ir loading, 𝐿Ir . The data measured in this work for 
both an unsupported IrOx CL (TKK) and bimodal CLs doped with TiOx and NbOx are included. The data reported by Ferner and Litster [57] for unsupported CLs (TKK and AA) 
and bimodal CLs formed by a mixture of IrOx and Pt black are also shown, together with the data reported for an unsupported CL by Mandal et al. [59]. The range of variation 
typically observed in the conductivity data of conventional unsupported IrOx CLs is highlighted in gray. (c) Sketch of the numerical domain, indicating the main geometrical 
parameters: pore half-width, 𝑤𝑝; total (pore+solid) half-width, 𝑤cl; anode and cathode CL thicknesses, 𝛿acl and 𝛿ccl; PEM thickness, 𝛿pem; and PTL/CL intrusion length, 𝐿𝑠. The 
region of the anode CL is highlighted in red.
Table 1
Measured in-plane electrical conductivity at different Ir loadings (𝐿Ir = 0.1 − 1 mgIr cm−2) of unsupported IrOx, TiOx-doped 
IrOx and NbOx-doped IrOx CLs.
 Ir loading mgIr cm−2 Unsupported CL Sm−1 TiOx-doped CL Sm−1 NbOx-doped CL Sm−1 
 0.1 8.82 – –  
 0.3 35.23 480.64 399.33  
 0.5 129.16 497.45 532.23  
 0.7 242.52 – 948.55  
 0.8 – 616.92 –  
 1 324.67 – –  
to 𝛿acl ≈ 6 μm (𝐿Ir ≈ 1 mgIr cm−2). The present results are at the upper 
limit of previous data presented in the literature [52,59–64]. The linear 
fit to the full dataset leads to 𝛿acl = 6.25𝐿Ir [μm], when the Ir loading 
is expressed in mgIr cm−2. The variability of the present experimental 
data arises from the spatial heterogeneity of the sample thickness (see 
Fig.  1(a)). The relative variation of the CL thickness is round 40%, so 
that a larger thickness variation is observed in thicker CLs [57].

Examining Fig.  2(b), the electrical conductivity of unsupported IrOx 
CLs is significantly lower than that of metal-doped CLs, either Ti-doped 
IrO  or Nb-doped IrO . Furthermore, the electrical conductivity of 
2 2

5 
unsupported IrOx CLs drops by around one order of magnitude between 
𝜎acl ∼ 102 Sm−1 and 𝜎acl ∼ 10 Sm−1 when the Ir loading is decreased 
from 𝐿Ir ≈ 1 mgIr cm−2 down to 𝐿Ir ≈ 0.1 mgIr cm−2. In contrast, the 
electrical conductivity of metal-doped CLs is rather insensitive to the 
Ir loading, remaining around 𝜎acl ∼ 103 Sm−1. The superior electrical 
conductivity of metal-doped CLs as a function of Ir loading can be 
explained by the stability of electron percolation paths through the 
doped catalyst network [65], unlike unsupported CLs, which solely 
rely on the Ir volume fraction to conduct electrons. This result is 
in agreement with the recent data of Ferner and Litster [57], who 
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reported a strong increase in the electrical conductivity of bimodal CLs 
composed of a mixture of Pt black and low-loaded IrOx. The electrical 
conductivity of the bimodal CLs was around 𝜎acl ∼ 104 Sm−1, while that 
of unsupported CLs ranged between 𝜎acl ∼ 10−1–102 Sm−1 depending 
on the catalyst manufacturer (TKK vs. AA) [57]. The lowest electrical 
conductivity for conventional unsupported IrOx CLs was reported by 
Mandal et al. [59], 𝜎acl ∼ 10−3–10−2 Sm−1, which is around 104–105
orders of magnitude lower than that found in this work and between 
102–105 orders of magnitude lower than that reported by Ferner and 
Litster [57]. The large disparity among authors clearly shows the strong 
dependency of the electrical conductivity of unsupported CLs on the 
IrOx nanostructure (amorphous vs. crystalline) and the methodology 
used for CL preparation [7]. The typical range of variation expected for 
the electrical conductivity of unsupported IrOx CLs can be established 
between 𝜎acl𝑒 ≈ 10−1–102 Sm−1 (see gray region).

3. Numerical model

The following simplifying assumptions were adopted in the model 
formulation:

• The cell operation is isothermal with negligible temperature vari-
ations [66–68].

• The porous layers of the MEA have macroscopically homogeneous 
transport properties [66,68–70].

• The microstructure of the anode CL is isotropic unless otherwise 
stated [58].

• The solid interface of the anode PTL with the CL is flat.
• The ionomer is well hydrated with a homogeneous water con-
tent [67,68].

• OER kinetics is mainly driven by the reaction of water in liquid 
phase, so that the anode current density is proportional to the 
water saturation. Oxygen saturation reduces the available specific 
electrochemical surface area [66,67,69–71].

A sketch of the 2D numerical domain used in the finite-volume code 
ANSYS Fluent is depicted in Fig.  2(c), with the region of the anode 
CL highlighted in red. The domain incorporates the MEA (anode CL, 
acl, proton exchange membrane, pem, and cathode CL, ccl) comprised 
between the symmetry planes of one solid particle (solid region) and 
the neighboring pore space (void region) of the anode PTL (aptl). 
The geometry is defined by six parameters: (𝑖) anode PTL interfacial 
pore half-width (i.e., characteristic interfacial pore radius), 𝑤𝑝; (𝑖𝑖) 
total width between the symmetry planes of one solid particle and the 
adjacent pore space, 𝑤cl; (𝑖𝑖𝑖) anode CL thickness, 𝛿acl; (𝑖𝑣) membrane 
thickness, 𝛿pem; (𝑣) cathode CL thickness, 𝛿ccl; and (𝑣𝑖) intrusion of the 
solid region of the anode PTL into the CL, 𝐿𝑠. The interfacial porosity 
at the anode PTL/CL interface is defined as 𝜀aptl∕acl = 𝑤𝑝𝑤−1

cl ≤ 1. In the 
study, the intrusion length of the PTL was neglected in all simulations 
(𝐿𝑠 = 0), except for those explicitly related with the intrusion ratio, 
defined as 𝐼𝑅 = 𝐿𝑠 𝛿−1acl ≤ 1. Representative values considered in state-
of-the-art PEMWEs were used for the thicknesses of the membrane, 
𝛿pem = 50 μm (Nafion 212), and the cathode CL, 𝛿ccl = 10 μm [16,72,73]. 
The remaining geometrical parameters were varied to study the effect 
of the anode PTL pore radius, porosity, CL thickness, and intrusion 
on cell performance (see case studies in Section 4). The operational 
parameters and properties that were kept constant throughout the work 
are summarized in Table  2.

The model is governed by three partial differential equations,
namely, the electronic and protonic charge conservation equations, and 
the gas mass conservation equation. Their mathematical expressions, 
together with the regions of application, are [12] 

∇ ⋅
( ̄̄𝝈𝐞𝐟𝐟

𝒆 ∇𝜙𝑒
)

= 𝑆𝑟 acl, ccl (2a)

∇ ⋅
(

−𝜎eff∇𝜙
)

= 𝑆 acl, pem, ccl (2b)
𝑝 𝑝 𝑟
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∇ ⋅
(

−
𝜌𝑔𝐾acl𝑘𝑟𝑔

𝜇𝑔
∇𝑝𝑐

)

= 𝑀O2

𝑆𝑟
4𝐹

acl (2c)

where 𝜙𝑒 and 𝜙𝑝 are the electronic and protonic potentials, ̄̄𝝈𝐞𝐟𝐟
𝒆

is the orthotropic effective electrical conductivity tensor, 𝜎eff𝑝  is the 
(isotropic) effective protonic conductivity, 𝜌𝑔 and 𝜇𝑔 are the density and 
dynamic viscosity of the gas phase, 𝐾acl is the absolute permeability 
of the anode CL, 𝑘𝑟𝑔 is the gas-phase relative permeability, 𝑀O2

 is 
the molecular mass of oxygen, 𝐹  is Faraday’s constant, 𝑝𝑐 = 𝑝𝑔 − 𝑝𝑙
is the capillary pressure, and 𝑆𝑟 is the electrochemical reaction term. 
The gas-phase relative permeability depends on the water saturation, 
𝑠, defined as the water volume to pore volume ratio, according to 
𝑘𝑟𝑔 = (1 − 𝑠)3 [12]. The orthotropic components of the 2D effective 
electrical conductivity tensor are defined as 

̄̄𝝈𝐞𝐟𝐟
𝒆 =

(

𝜎eff𝑒,𝑥𝑥 0

0 𝜎eff𝑒,𝑦𝑦

)

=

(

𝜎eff𝑒 𝐴𝑅 0

0 𝜎eff𝑒

)

(3)

where 𝐴𝑅 ≥ 1 is the anisotropy ratio. The effect of the conductivity 
anisotropy was explored for the anode CL when explicitly mentioned, 
while isotropic conductivity was always considered for the cathode CL. 
The (isotropic) effective electrical conductivity of the cathode CL was 
maintained constant at 𝜎ccl𝑒 = 300 Sm−1, according to previous data 
reported for supported Pt/C catalysts [74,75].

The effective protonic conductivity was modeled using the expres-
sion proposed by Weber and Newman [76] 

𝜎eff𝑝 = 𝜀1.5𝑖 110
(

𝑓𝑣 − 0.06
)1.5 Sm−1; 𝑓𝑣 =

𝜆op𝑉𝑤
𝜆op𝑉𝑤 + 𝑉𝑖

(4)

where 𝜀𝑖 is the ionomer volume fraction (𝜀𝑖 = 1 in pem and 𝜀𝑖 = 0.3
in acl/ccl), 𝑓𝑣 is the volume fraction of water in the ionomer, 𝜆op ≃ 20
is the water content per sulfonic acid group in the ionomer (assumed 
constant), and 𝑉𝑤 = 𝑀H2O∕𝜌𝑙 and 𝑉𝑖 = 𝐸𝑊𝑖∕𝜌𝑖 are the molar volumes 
of water and ionomer, respectively, with 𝑀H2O the molecular mass of 
water, 𝜌𝑙 the density of liquid water, and 𝐸𝑊𝑖 and 𝜌𝑖 the equivalent 
weight and density of the ionomer.

OER and HER in the anode and cathode CLs are described by 
Butler-Volmer kinetics (𝑆𝑟 = 0 in pem) 

𝑆𝑟 =

⎧

⎪

⎪

⎨

⎪

⎪

⎩

𝑎𝑎𝑖𝑜,𝑎𝑠
[

exp
(

2𝛼𝑎𝐹
𝑅𝑇

𝜂𝑎

)

− exp
(

2(1 − 𝛼𝑎)𝐹
𝑅𝑇

𝜂𝑎

)]

acl

−𝑎𝑐 𝑖𝑜,𝑐

[

exp
(

2𝛼𝑐𝐹
𝑅𝑇

𝜂𝑐

)

− exp
(

2(1 − 𝛼𝑐 )𝐹
𝑅𝑇

𝜂𝑐

)]

ccl
(5)

where 𝑎𝑎∕𝑐 , 𝑖𝑜,𝑎∕𝑐 , 𝛼𝑎∕𝑐 and 𝜂𝑎∕𝑐 are the specific electrochemical surface 
area, exchange current density, transfer coefficient and overpotential 
of the anode/cathode CL, respectively. The prefactor 𝑠 in the OER 
kinetics accounts for the gas blockage at active catalyst sites caused 
by gas oxygen. The overpotentials in the anode and the cathode CLs 
are defined as 

𝜂 =

⎧

⎪

⎨

⎪

⎩

𝜙𝑒 − 𝜙𝑝 − 𝐸rev
𝑎 acl

𝜙𝑝 − 𝜙𝑒 − 𝐸rev
𝑐 ccl

(6)

In this expression, 𝐸rev
𝑎∕𝑐 is the reversible voltage of the OER and HER, 

as given by the Nernst equation 

𝐸rev
𝑎 =

𝛥𝐺𝑎
2𝐹

+ 𝑅𝑇
4𝐹

log
⎛

⎜

⎜

⎝

𝑝inO2

𝑝refO2

⎞

⎟

⎟

⎠

(7a)

𝐸rev
𝑐 = −

𝛥𝐺𝑐
2𝐹

+ 𝑅𝑇
2𝐹

log

(

𝑝inH2

𝑝refH2

)

(7b)

where 𝑝inO2
 and 𝑝inH2

 are the inlet partial pressures of oxygen and hy-
drogen, and 𝛥𝐺𝑎∕𝑐 = 𝛥𝐻𝑎∕𝑐 − 𝑇𝛥𝑆𝑎∕𝑐 is the variation of the Gibbs free 
energy in the anode/cathode CL, with 𝛥𝐻𝑎∕𝑐 and 𝛥𝑆𝑎∕𝑐 the enthalpy 
and entropy variations, respectively (see values in Table  2).
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acl∕aptl (void region) acl∕aptl (solid region) acl∕pem (9a)
𝜕𝜙𝑒
𝜕𝒏

= 0 𝜙𝑒 = 𝑉cell
𝜕𝜙𝑒
𝜕𝒏

= 0 (9b)

𝜕𝜙𝑝

𝜕𝒏
= 0

𝜕𝜙𝑝

𝜕𝒏
= 0 𝜙𝑝 ≡ coupled (9c)

𝑝𝑐 = 𝑝out𝑐
𝜕𝑝𝑐
𝜕𝒏

= 0
𝜕𝑝𝑐
𝜕𝒏

= 0 (9d)

ccl∕cptl ccl∕pem (10a)

𝜙𝑒 = 0
𝜕𝜙𝑒
𝜕𝒏

= 0 (10b)

𝜕𝜙𝑝

𝜕𝒏
= 0 𝜙𝑝 ≡ coupled (10c)

Box I. 
The capillary pressure curve (𝑝𝑐–𝑠) in the anode CL is modeled based 
on the water withdrawal study conducted by Gostick et al. [77] for the 
water-air fluid pair using a Van Genuchten (vG) expression 

𝑠 = 𝑠∗(𝑠𝑚 − 𝑠𝑟) + 𝑠𝑟; 𝑠∗ =

[

1 +
(

𝑝𝑐 + 𝑝ref

𝑝cb

)𝑚]−𝑛

(8)

where 𝑠𝑟 and 𝑠𝑚 are the residual and maximum water saturations, 
respectively, and 𝑝cb, 𝑚 and 𝑛 are fitting parameters that control the 
shape of the capillary pressure curve.

The system of conservation Eqs. (2a)–(2c) is subjected to symmetry 
boundary conditions at the lateral edges of the domain. In addition, 
the following boundary conditions are prescribed at the void/solid 
interfaces between the anode CL and the PTL, the internal interfaces 
of the CLs with the PEM, and the cathode PTL/CL interface (see Eqs. 
(9a)–(10c) in Box  I).

In the above expressions, 𝒏 is the outward unit normal vector, 𝑝out𝑐
is the capillary pressure at the acl/aptl interface, which is fixed to 
𝑝out𝑐 ≃ 6.5 kPa based on previous breakthrough capillary pressures 
reported for anode PTLs [12], and 𝑉cell is the operating cell voltage, 
which is fixed to 𝑉cell = 2 V in the parametric analysis except for 
the calculation of polarization curves in some particular cases. Flux 
and scalar continuity are prescribed for the protonic potential at the 
interfaces of the CLs with the PEM (acl/pem and ccl/pem), since this 
variable is defined in the entire computational domain.

The numerical model was solved in ANSYS Fluent using user defined 
scalars (UDSs) for the three variables of interest: electronic potential, 
𝜙𝑒, protonic potential, 𝜙𝑝, and capillary pressure, 𝑝𝑐 . User defined 
functions (UDFs) were coded to customize different aspects of the 
model, including diffusivities, source terms, initialization of the system 
of equations, etc. Simulations were run in parallel on a workstation 
equipped with 64 processors and 384 GB RAM, using 6 processors for 
each simulation. The element size of the meshes was varied between 
0.01–0.1 μm depending on the anode CL thickness, showing negligible 
variations in the average current density compared with finer meshes 
(relative difference lower than 0.5%).

4. Case studies

A comprehensive parametric analysis was carried out to assess 
the effect of the anode PTL/CL interface on cell performance, which 
spanned more than one thousand simulations. The parameters exam-
ined in the study are: (𝑖) effective electrical conductivity of the anode 
CL, 𝜎acl𝑒 ; (𝑖𝑖) anode CL thickness, 𝛿acl; (𝑖𝑖𝑖) anode PTL interfacial pore 
radius, 𝑤  (for fixed porosity, 𝜀 = 𝑤 𝑤−1); (𝑖𝑣) anode PTL 
p aptl∕acl 𝑝 cl
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interfacial porosity, 𝜀aptl∕acl = 𝑤𝑝𝑤−1
cl (for fixed pore radius, 𝑤𝑝); (𝑣) 

conductivity anisotropy ratio of the anode CL, 𝐴𝑅 (for fixed pore 
radius, 𝑤𝑝, and porosity, 𝜀aptl∕acl = 𝑤𝑝𝑤−1

cl ); and (𝑣𝑖) intrusion ratio 
of the anode PTL into the anode CL, 𝐼𝑅 (for fixed pore radius, 𝑤𝑝, 
and porosity, 𝜀aptl∕acl = 𝑤𝑝𝑤−1

cl ). Isotropic electrical conductivity in 
the anode CL and no intrusion at the anode PTL/CL interface were 
considered except in the analysis of the anisotropy ratio, 𝐴𝑅, and the 
intrusion ratio, 𝐼𝑅, respectively. The range of variation of the different 
variables is listed in Table  3.

In Section 5.1, the baseline effect of the (isotropic) effective electri-
cal conductivity of the anode CL, 𝜎acl𝑒 = 10−2–104 Sm−1, is examined in 
combination with the anode CL thickness, 𝛿acl = 0.25, 0.5, 2, 5, 10, 20 μm. 
For brevity, representative results are presented for a specific interfacial 
pore radius, 𝑤𝑝 = 10 μm, and an interfacial porosity, 𝜀aptl∕acl = 0.5, even 
though other pore radii were also computed (𝑤𝑝 = 1, 2, 5, 10, 20, 40 μm, 
𝜀aptl∕acl = 0.5). The range of investigated electrical conductivities lies 
within that observed in unsupported Ir loaded CLs (𝜎acl𝑒 ∼ 10−2–102 S
m−1, see Fig.  2) up to the electrical conductivities that can be achieved 
using bimodal CLs with a secondary conductive phase, either as catalyst 
support, metal-doped or mixed in volume (𝜎acl𝑒 ∼ 102–104 Sm−1, see Fig. 
2). Regarding the anode CL thickness, it is within the range expected 
for Ir loadings varying from 𝐿Ir = 0.05 mgIr cm−2 (ultra-low Ir loading, 
𝛿acl ≃ 0.5 μm) up to 𝐿Ir = 4 mgIr cm−2 (high Ir loading, 𝛿acl ≃ 20 μm), 
passing through intermediate values around 𝐿Ir = 0.4 mgIr cm−2, which 
are actively investigated in state-of-the-art PEMWEs (low Ir loading, 
𝛿acl ≃ 2 μm). Next, in Section 5.2, mitigation strategies to improve 
the performance are discussed for a representative anode CL thickness, 
𝛿acl = 2 μm (𝐿Ir ≃ 0.4 mgIr cm−2), and effective electrical conductivities 
between 𝜎acl𝑒 = 10−2–104 Sm−1 – results were also computed for 
𝛿acl = 0.25, 0.5, 2, 5, 10, 20 μm but not explicitly discussed for brevity. The 
effect of the anode PTL interfacial pore radius is examined in the range 
𝑤𝑝 = 1, 2.5, 5, 10, 20, 40 μm for a fixed porosity, 𝜀aptl∕acl = 0.5, which 
is representative of the interfacial pore sizes used in PTLs without 
MPL (𝑤𝑝 ∼ 10–40 μm [28,32–34,60,85–87]) and with MPL (𝑤𝑝 ∼
1–5 μm [32–34,44]). The effect of the anode PTL interfacial porosity is 
studied in the range 𝜀aptl∕acl = 0.33, 0.5, 0.67, 0.83 for a fixed pore radius, 
𝑤𝑝 = 10 μm, as reported in previous works [28,32–34,52,60,85,87,88]. 
And the effect of the anode CL conductivity anisotropy ratio and anode 
PTL/CL intrusion ratio are examined in the ranges between 𝐴𝑅 =
1, 2, 10, 100 and 𝐼𝑅 = 0, 0.25, 0.5, 0.75, respectively, for a fixed pore 
radius, 𝑤𝑝 = 10 μm, and porosity, 𝜀aptl∕acl = 0.5. Finally, in Section 5.3, 
global relationships are extracted from the full results dataset as a 
function of the in-plane electrical resistance of the void region, 𝑅𝑒,𝑖𝑝, 
and the blockage ratio of the solid region of the anode PTL, defined as 
𝐵𝑅 = (𝑤 −𝑤 )∕𝛿 .
cl 𝑝 acl
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Table 2
Operating conditions and properties with constant value used in the numerical model.
 Parameter Symbol Value Reference

 Molecular mass of species 𝑀H2O ,𝑀O2
18, 32 × 10−3 kgmol−1 –  

 Reference pressure 𝑝refO2
, 𝑝refH2

, 𝑝ref 1 atm –  
 Inlet pressure 𝑝inO2

, 𝑝inH2
1 atm –  

 Operating temperature 𝑇op 80 ◦C –  
 Nominal operating voltage 𝑉cell 2 V –  
 Ionomer water content 𝜆op 20 [16]  
 Breakthrough pressure 𝑝out𝑐 6.5 kPa [12]  
 Thickness of pem/ccl 𝛿pem , 𝛿ccl 50∕10 μm [16,72,73] 
 Density of liquid water 𝜌𝑤 997 kgm−3 [78]  
 Dynamic viscosity of gas phase 𝜇𝑔 2 × 10−5 kgm−1 s−1 [12]  
 Electrical conductivity of ccl 𝜎ccl

𝑒 300 Sm−1 [74,75]  
 Volumetric exchange current density (𝑎𝑖𝑜)𝑎∕𝑐 5 × 10−3∕50 A cm−3 [79]  
 Transfer coefficient 𝛼𝑎∕𝑐 0.5∕0.5 [79]  
 Enthalpy change of OER/HER 𝛥𝐻𝑎∕𝑐 285.83 × 103∕0 Jmol−1 [80–82]  
 Entropy change of OER/HER 𝛥𝑆𝑎∕𝑐 163.3∕ − 0.104 Jmol−1 K−1 [80–82]  
 Equivalent weight of ionomer 𝐸𝑊𝑖 1.02 kgmol−1 [16,83]  
 Density of ionomer 𝜌𝑖 1.97 × 103 kgm−3 [16,83]  
 Ionomer volume fraction in acl/ccl 𝜀𝑖 0.3 [59,72,73] 
 Residual saturation 𝑠𝑟 0.08 [12]  
 Maximum saturation 𝑠𝑚 1 [12]  
 VG’s parameters 𝑚∕𝑛∕𝑝cb 400∕0.3∕1.075 × 105 Pa [12]  
 Permeability of acl 𝐾acl 4 × 10−14 m2 [84]  
Table 3
Parameters examined in the parametric analysis.
 Parameter Symbol Range

 Anode CL electrical conductivity 𝜎acl
𝑒 10−2−104 Sm−1  

 Anode CL thickness 𝛿acl 0.25, 0.5, 2, 5, 10, 20 μm  
 Anode PTL interfacial pore radius 𝑤𝑝 1, 2.5, 5, 10, 20, 40 μm (𝜀aptl∕acl = 0.5)  
 Anode PTL interfacial porosity 𝜀aptl∕acl 0.33, 0.5, 0.67, 0.83 (𝑤𝑝 = 10 μm)  
 Anode CL conductivity anisotropy ratio 𝐴𝑅 1,2,10,100 (𝑤𝑝 = 10 μm, 𝜀aptl∕acl = 0.5)  
 Anode PTL/CL intrusion ratio 𝐼𝑅 0,0.25,0.5,0.75 (𝑤𝑝 = 10 μm, 𝜀aptl∕acl = 0.5) 
5. Discussion of results

5.1. Baseline case

The results of the baseline analysis of the effective electrical conduc-
tivity, 𝜎acl𝑒 , and thickness, 𝛿acl, of the anode CL are presented in Fig.  3. 
The average current density, 𝐼avg, gas saturation under the solid region 
of the anode PTL, 𝑠𝑔,𝑠 = 1−𝑠𝑠, and the current density distribution under 
the solid and void regions, 𝐼𝑠 and 𝐼𝑣, are represented as a function of 
the anode CL electrical conductivity, 𝜎acl𝑒 , for different CL thicknesses, 
𝛿acl. As shown in Fig.  3(a), the current density strongly increases 
with the electrical conductivity in the expected range of variation for 
conventional unsupported IrOx CLs (𝜎acl𝑒 = 10−2–102 Sm−1). The current 
density growth stabilizes around 𝜎acl𝑒 ∼ 102–103 Sm−1, near the upper 
limit observed in unsupported IrOx CLs and the onset conductivity 
that can be potentially achieved with bimodal CLs (see Fig.  2(b)). 
The current density and gas saturation distributions as a function of 
the anode CL electrical conductivity are provided in Supplementary 
Information.

Fig.  3(a) shows that the anode CL thickness features opposite 
trends depending on the electrical conductivity range. According to 
Fig.  3(c)–(d), at low electrical conductivity (𝜎acl𝑒 ∼ 10−2–1 Sm−1), the 
average current density increases with the CL thickness due to the 
drop of the ohmic loss under the solid PTL region. The contribution of 
the void region to current generation is negligible at exceedingly low 
conductivity. However, at intermediate to high electrical conductivity 
(𝜎acl𝑒 ∼ 1–104 Sm−1), the average current density decreases with the CL 
thickness. This reversal trend is explained by the effect of two factors 
as the current density generated under the void region becomes more 
important: (𝑖) the increase of the in-plane electrical resistance under the 
void region with decreasing CL thickness (i.e., the lower cross-sectional 
area available for in-plane electrical transport toward the solid PTL 
region), and (𝑖𝑖) the decrease of the total volume reactive area per 
unit geometric area with decreasing thickness. The first effect can be 
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clearly visualized in Fig.  3(d), where the current density generated 
under the void region decreases in thin CLs at intermediate electrical 
conductivities between 𝜎acl𝑒 ∼ 1–102 Sm−1. The second effect can be 
appreciated at high electrical conductivity (𝜎acl𝑒 ∼ 102–104 Sm−1) in 
Fig.  3(a), when the electrical loss becomes virtually negligible (similar 
current densities under the solid and void regions). The descent of the 
average current density with the reduction of the total volume active 
area varies non-linearly, significantly increasing for CL thicknesses 
below 𝛿acl ≤ 0.5 μm (𝐿Ir ≤ 0.1 μm). This adverse effect found at ultra-
low loading cannot be mitigated by an increase of the CL electrical 
conductivity alone but must be overcome by an increase of the specific 
electrochemical surface area, 𝑎𝑠, or exchange current density, 𝑖𝑜 (see 
results for increasing volumetric exchange current density, 𝑎𝑖𝑜, in 
Supplementary Information).

As shown in Fig.  3(b), the reduction of the specific active area at low 
CL thickness is aggravated by the higher gas accumulation under the 
solid region caused by the larger volumetric current densities reached 
in the CL and the excessive slenderness of the region under the solid 
PTL to evacuate generated oxygen. Therefore, simultaneous work on 
high electrical conductivity, electrochemical surface area and exchange 
current density, together with enhanced gas removal capacity, would 
be necessary in ultra-low Ir loading CLs. In this regard, the use of 
bimodal CLs with a secondary phase can have the side effect of in-
creasing the CL thickness for a given Ir loading and thus reduce the 
gas saturation in the anode CL [57]. As a final remark, it is worth 
noting the origin of the peak current density under the solid region 
at intermediate electrical conductivities (𝜎acl𝑒 ∼ 1 Sm−1) that can be 
seen in Fig.  3(c). This peak current density arises from the trade-off 
between the decrease of electrical loss and the increase of ionic loss as 
the average current density raises with electrical conductivity (i.e., the 
current density generated under the void region becomes important). 
The peak current density disappears for thick CLs (𝛿acl = 10–20 μm) due 
to the more dominant role of electrical losses (i.e., electron transport 
length) compared to ionic losses in the performance.
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Fig. 3. Effect of the anode CL thickness, 𝛿acl = 0.25–20 μm, as a function of the effective electrical conductivity of the anode CL, 𝜎acl
𝑒 = 10−2–104 Sm−1, on: (a) average current 

density, 𝐼avg; (b) gas saturation under the solid region of the anode PTL, 𝑠𝑔,𝑠; (c) current density under the solid region of the anode PTL, 𝐼𝑠; and (d) current density under the 
void region of the anode PTL, 𝐼𝑣. See Section 4 for other parameters.
Fig.  4 shows the current density and gas saturation distributions 
for some anode CL thicknesses, 𝛿acl = 0.5 μm (𝐿Ir ≃ 0.1 mgIr cm−2), 5
μm (𝐿Ir ≃ 1 mgIr cm−2), 10 μm (𝐿Ir ≃ 2 mgIr cm−2), corresponding to an 
intermediate electrical conductivity, 𝜎acl𝑒 = 5 Sm−1, as that potentially 
found in conventional unsupported CLs (see Fig.  2). The characteristic 
pore radius and porosity are fixed to 𝑤𝑝 = 10 μm and 𝜀aptl∕acl = 0.5, 
respectively, as in Fig.  3. According to the results discussed in Fig. 
3(c)–(d), Fig.  4(a) shows a significant inhomogeneous current density 
distribution between the solid and the void regions of the anode PTL, 
which is accentuated when the CL thickness is decreased at ultra-
low/low Ir loading (𝐿Ir ≲ 0.1 mgIr cm−2). The current density is higher 
under the solid region due to the prevailing lower electrical resistance 
toward the conductive phase of the anode PTL. Within this region, the 
current density is more homogeneous in thin CLs (𝛿acl = 0.5 μm). When 
the CL thickness is increased (𝛿acl = 5 μm and 𝛿acl = 10 μm), two local 
maxima emerge in the current density distribution due to the larger 
influence of ohmic losses across the CL thickness. The current density 
is maximized near the edges of the solid PTL and the PEM, where 
electrical and ionic transport are facilitated, respectively. Regarding 
the void region, the current density is inversely proportional to the 
CL thickness because of the growth of the in-plane electrical resistance 
toward the solid region of the anode PTL. Thus, for low CL thickness 
(𝛿acl = 0.5 μm), the current density in the full void region is almost 
suppressed, gradually increasing as the in-plane electrical resistance is 
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reduced in thicker CLs (𝛿acl = 5 μm and 𝛿acl = 10 μm). The distributions 
clearly show that the potential problem of the electrical loss at low Ir 
loading under the void PTL region is not only caused by a reduction 
in electrical conductivity but also by the inherent reduction of the CL 
thickness.

Turning the attention to the gas saturation distributions, Fig.  4(b) 
shows that the gas accumulation is concentrated under the solid region, 
a situation which is exacerbated in thin CLs (see also Fig.  3(b)). The 
void region does not pose a significant gas removal resistance toward 
the anode PTL regardless of the CL thickness. As commented previously, 
the strong gas accumulation under the solid region of the PTL in thin 
CLs is mainly caused by the increase of the volumetric current density. 
This is a secondary issue compared with the potential effect of ohmic 
losses, but it may not be neglected in ultra-thin CLs. For instance, the 
loss of specific electrochemical surface area with gas saturation might 
be significantly more important in the model if large exponents, 𝑛𝑐 , are 
used for the coverage prefactor in Eq. (5), 𝑠𝑛𝑐 . The value of 𝑛𝑐 would 
depend on the specific microstructure and wettability of the anode CL.

The effect of the Ir loading, 𝐿Ir = 0.1, 0.4, 1, 2 mgIr cm−2, on cell 
performance, using the electrical conductivity data measured in this 
work, is examined in Fig.  5 (𝑤𝑝 = 10 μm, 𝜀aptl∕acl = 0.5). The data at 
𝐿Ir = 2 mgIr cm−2 were extrapolated from those at 𝐿Ir = 1 mgIr cm−2

assuming the same CL electrical conductivity but different thickness 
based on the correlation presented in Fig.  2(a). The polarization curves 
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Fig. 4. Distributions of the current density, 𝐼 , and gas saturation, 𝑠𝑔 , for various anode CL thicknesses, 𝛿acl = 0.5, 5, 10 μm, corresponding to an effective electrical conductivity of 
the anode CL, 𝜎acl

𝑒 = 5 Sm−1. See caption to Fig.  3 for further details.
and the variation of the gas saturation under the solid PTL with the 
average current density are shown in Fig.  5(a)–(b), respectively. The 
current density distributions in the anode CL at 𝑉cell = 2 V are shown 
in Fig.  5(c). Note that these results differ from those presented before 
in Fig.  4 because the analysis also considers the drop of the electrical 
conductivity with Ir loading (i.e., the results are not presented at 
constant electrical conductivity).

As shown in Fig.  5(a), the performance is significantly affected by 
Ir loading at cell voltages above 𝑉cell ≃ 1.7 V, leading to voltage 
losses close to 0.1 V at 𝐼avg ≃ 5 A cm−2. Similar results were pre-
sented in previous experimental data [28,33,52,57]. The decrease in 
performance with Ir loading is non-linear. At high Ir loadings (𝐿Ir =
1–2 mgIr cm−2), no significant differences are observed in performance 
due to the negligible variation of the electrical conductivity (𝜎acl𝑒 ≃
500 Sm−1) and the large CL thickness (𝛿acl ≃ 5–10 μm). For instance, 
the performance gain achieved using an optimized CL with 𝜎acl𝑒 ≃
103 Sm−1 at 𝐿Ir = 2 mgIr cm−2 is marginal (see magenta line with 
star symbols). However, when the Ir loading is reduced to the low-
loading range (𝐿 = 0.1–0.4 mg cm−2), the performance drops sharply. 
Ir Ir
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The major cause of the performance decrease is the reduction of the 
effective electrical conductivity by one order of magnitude from 𝜎acl𝑒 ≃
500 Sm−1 down to 𝜎acl𝑒 ≃ 10–100 Sm−1. The effect of decreasing the 
CL thickness on the performance drop is not negligible, but its relative 
contribution is lower. The development of novel unsupported IrOx 
CLs with improved morphologies that can provide continuous in-plane 
electron transport pathways at low Ir loading is mandatory.

The current density distributions shown in Fig.  5(c) are qualita-
tively similar to those presented in Fig.  4(a), even though the effect 
of reducing Ir loading is stronger because of the dependency of the 
electrical conductivity on Ir loading. The main differences originate 
under the void region of the PTL, where the catalyst utilization is 
poor and the current generation is virtually zero at low Ir loading 
(𝐿Ir = 0.1–0.4 mgIr cm−2). In contrast, the void region provides a 
significant contribution to the average current density at high Ir loading 
(𝐿Ir = 1–2 mgIr cm−2). For instance, the current density near the PEM 
edge is significantly reduced at low Ir loading (𝐿Ir = 0.1–0.4 mgIr cm−2) 
because of the drop of the electrical conductivity, so the current density 
distribution is highly dominated by electron transport rather than ionic 
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Fig. 5. (a) Polarization curves, 𝑉cell–𝐼avg, for different Ir loadings, 𝐿Ir = 0.1, 0.4, 1, 2 mgIr cm−2, of the anode CL. The anode CL thickness, 𝛿acl, and effective electrical conductivity, 𝜎acl
𝑒 , 

were extracted from the present experimental data presented in Fig.  2. The polarization curve corresponding to an optimized anode CL with 𝐿Ir = 2 mgIr cm−2 and 𝜎acl
𝑒 = 103 Sm−1

is shown in magenta. (b) Variation of the gas saturation under the solid region of the PTL, 𝑠𝑔,𝑠, with the average current density, 𝐼avg, for the cases examined in (a). (c) Current 
density distributions, 𝐼 , computed for the different Ir loadings at 𝑉cell = 2 V.
transport. As a result, higher current densities are reached near the solid 
PTL interface at low Ir loading. Regarding gas transport, it is also worth 
noting the non-linear variation of the gas saturation under the solid PTL 
with the Ir loading. As shown in Fig.  5(b), for a given current density, 
the gas saturation sharply increases when the Ir loading is reduced 
from 𝐿Ir = 1–2 mgIr cm−2 down to 𝐿Ir = 0.1–0.4 mgIr cm−2. The main 
contributor to the strong increase in gas accumulation is the decrease 
of the CL thickness.

5.2. Mitigation strategies

In this section, mitigation strategies to palliate the adverse effect 
of in-plane electrical resistance at the anode PTL/CL interface are 
discussed. The analysis considers: (𝑖) the interfacial pore radius of the 
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anode PTL, 𝑤𝑝; (𝑖𝑖) the anode PTL interfacial porosity, 𝜀aptl∕acl; (𝑖𝑖𝑖) the 
anode CL conductivity anisotropy ratio, 𝐴𝑅; and (𝑖𝑣) the anode PTL/CL 
intrusion ratio, 𝐼𝑅. The influence of each parameter on the average 
current density, 𝐼avg, and gas saturation under the solid PTL, 𝑠𝑔,𝑠, 
are represented as a function of the anode CL electrical conductivity 
(𝜎acl𝑒 = 10−2–104 Sm−1) in Figs.  6 and 7, respectively. Illustrative 
examples of the influence of the PTL interfacial pore radius, 𝑤𝑝, on the 
current density and gas saturation distributions in the anode CL are 
shown in Fig.  8. The distributions for other parameters are provided in 
Supplementary Information.

As shown in Fig.  6(a), the interfacial pore size (constant, 𝜀aptl∕acl =
0.5) has the strongest impact on the performance in the conductiv-
ity range expected for conventional unsupported IrOx CLs (𝜎acl𝑒 =
10−1–102 Sm−1). Decreasing the interfacial pore radius of the anode 
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Fig. 6. Variation of the average current density, 𝐼avg, with the effective electrical conductivity of the anode CL, 𝜎acl
𝑒 = 10−2–104 Sm−1, corresponding to a parametric analysis of: 

(a) PTL interfacial pore half-width, 𝑤𝑝 = 1–40 μm; (b) PTL interfacial porosity, 𝜀aptl∕acl = 0.3–0.88; (c) CL conductivity anisotropy ratio, 𝐴𝑅 = 1–100; and PTL/CL intrusion ratio, 
𝐼𝑅 = 0–0.75. See Section 4 for other parameters.
PTL from 𝑤𝑝 ≃ 10 μm to 𝑤𝑝 ≃ 1 μm virtually suppresses any 
effect of electrical losses when the electrical conductivity is above 
𝜎acl𝑒 ≳ 10 Sm−1. Maintaining high performance at electrical conduc-
tivities below 𝜎acl𝑒 ≲ 10 Sm−1 with micrometer-sized interfacial PTLs 
is unfeasible. Interfacial pore sizes in the nanometric range would 
be necessary (𝑤𝑝 ∼ 10–100 nm), as used in other electrochemical 
devices, such as PEMFCs [46,47]. The beneficial effect of decreasing 
the interfacial PTL pore radius agrees with the high performance that 
has been recently shown through the incorporation of an MPL onto low 
Ir loaded unsupported CLs [32–34]. In these works, micrometer-sized 
MPLs with 𝑤𝑝 ≃ 1–5 μm were fair enough to allow high performance 
at 𝐿Ir ≃ 0.1 mgIr cm−2. Further reducing the Ir loading to the ultra-
low regime (𝐿Ir ≲ 0.1 mgIr cm−2) would demand the development 
of finer MPLs (see, e.g., [89–91]). In this regard, experimental work 
is still needed to examine the coupling between MPL pore radius 
and Ir loading, and determine the limiting Ir loadings that can be 
achieved in practice with unsupported IrOx CLs. A combination of 
a micrometer-sized MPL with a conductive secondary phase in the 
anode CL (e.g., NbOx, TiOx or Platinum black) could also provide a 
good economical solution to reduce the amount of noble metals [57]. 
At the opposite extreme, increasing the interfacial pore radius from 
𝑤𝑝 ≃ 10 μm to 𝑤𝑝 ≃ 40 μm leads to a severe performance decline in 
the conductivity range of conventional unsupported IrOx CLs (𝜎acl𝑒 ∼
10−1–102 Sm−1). Achieving high performance with 𝑤 ∼ 20–40 μm
𝑝
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is only possible when the CL conductivity is above 𝜎acl𝑒 ≳ 102 Sm−1, 
so that the incorporation of a conductive secondary phase into the 
anode CL would be necessary. As a final remark, it is worth noting the 
variation of the asymptotic current densities reached at high electrical 
conductivity (𝜎acl𝑒 ≳ 103 Sm−1) depending on the interfacial pore radius. 
The drop of the asymptotic current density is caused by the increase of 
the gas saturation and catalyst coverage fraction under the solid region 
when the pore size is enlarged (at constant porosity). This aspect is 
further examined below in Fig.  7.

The effect of the PTL interfacial porosity (constant, 𝑤𝑝 = 10 μm) on 
the cell performance is significantly lower than that of the interfacial 
pore radius (see Fig.  6(b)). Reducing the porosity from 𝜀aptl∕acl = 0.5
to 𝜀aptl∕acl = 0.3 slightly increases the average current density in the 
conductivity range between 𝜎acl𝑒 ∼ 10−2–10 Sm−1. The performance 
increment is explained by the larger area fraction occupied by the 
solid region, which features a better performance than the void region. 
Conversely, increasing the porosity between 𝜀aptl∕acl = 0.5–0.83 lowers 
the average current density in the conductivity range between 𝜎acl𝑒 ∼
10−2–10 Sm−1. These numerical results are in qualitative agreement 
with the experimental data reported by Hwang et al. [92] using an-
ode Ti-felt PTLs with different porosities (𝜀aptl = 0.5 vs. 0.75). At 
significantly high electrical conductivities above 𝜎acl𝑒 ≳ 10 Sm−1, the 
difference in performance introduced by a change of the interfacial 
porosity is small, since electrical conduction is good throughout the 
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Fig. 7. Variation of the gas saturation under the solid region of the PTL, 𝑠𝑔,𝑠, with the effective electrical conductivity of the anode CL, 𝜎acl
𝑒 = 10−2–104 Sm−1, corresponding to 

a parametric analysis of: (a) PTL interfacial pore half-width, 𝑤𝑝 = 1–40 μm; (b) PTL interfacial porosity, 𝜀aptl∕acl = 0.3–0.88; (c) CL conductivity anisotropy ratio, 𝐴𝑅 = 1–100; and 
PTL/CL intrusion ratio, 𝐼𝑅 = 0–0.75. See Fig.  6 for the variation of the average current density and Section 4 for other parameters.
anode CL. The slightly higher performance achieved with increasing 
porosity at high electrical conductivity is caused by the descent of 
the gas saturation under the solid region, as discussed next in Fig.  7. 
Regarding the CL conductivity anisotropy ratio (constant, 𝑤𝑝 = 10 μm, 
𝜀aptl∕acl = 0.5), Fig.  6(c) shows that promoting in-plane electron trans-
port alleviates the issues introduced by poor electrical transport under 
the void region at electrical conductivities below 𝜎acl𝑒 ≲ 102 Sm−1. 
However, it is worth noting that a relatively high increment in the 
anisotropy ratio by at least one order of magnitude would be necessary 
to reach high performance. Such an increment can be difficult to 
achieve in practice, so modifying the anisotropy ratio alone may not 
be fair enough to completely resolve electrical issues at ultra-low/low 
Ir loading. Nevertheless, introducing a certain conductivity anisotropy 
in the anode CL is always helpful. This is the case of the modified anode 
CL design presented by Hegge et al. [93] through the introduction of 
IrOx nanofiber inter-layers into the CL, which allowed them to reduce 
the Ir loading by more than 80% at similar performance. Lastly, Fig. 
6(d) shows that increasing the intrusion ratio between the anode PTL 
and CL (constant, 𝑤𝑝 = 10 μm, 𝜀aptl∕acl = 0.5) also improves the 
performance at 𝜎acl ∼ 10−2–10 Sm−1. No noticeable differences are 
found at high electrical conductivities above 𝜎acl ≳ 102 Sm−1. In this 
case, the performance enhancement is related with the decrease of 
the through-plane electrical resistance under the solid region rather 
than the reduction of the in-plane electrical resistance under the void 
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region, which remains approximately the same (i.e., similar lateral 
length for electron transport). Since the amount of catalyst must be 
preserved, the specific electrochemical surface area under the intruded 
solid region was multiplied by the inverse of the CL thickness reduction. 
Consequently, there is no change in the volume reactive surface area 
under the solid region, and the decrease of the electrical and ionic 
losses is the most influential factor. A good contact between the anode 
PTL and CL must be ensured in the design and the cell assembly to 
avoid contact resistances and promote the performance under the solid 
PTL region.

The effect of the interfacial pore radius on the gas saturation ac-
cumulation is shown in Fig.  7(a). Gas saturation significantly increases 
with the pore size due to the inherent enlargement of the solid region at 
constant porosity. A gas saturation level as high as 𝑠𝑔,𝑠 ≃ 0.8 is reached 
at 𝑤𝑝 = 40 μm, which introduces a non-negligible reduction of the 
electrochemical surface area. As commented before, the blockage effect 
of gas saturation can be visualized in Fig.  6(a) at high electrochemical 
conductivities (𝜎acl𝑒 ≳ 103 Sm−1), where the asymptotic current density 
decreases with increasing pore radius. The effect of the remaining vari-
ables on the gas saturation under the solid PTL is lower, thereby leading 
to minor variations in performance. Only the effect of the interfacial 
porosity on gas saturation is worth noting, so that gas accumulation 
increases with decreasing porosity (i.e., the enlargement of the solid 
region at constant pore radius). As a result, the asymptotic current 
density at high electrical conductivity (𝜎acl ≳ 103 Sm−1) is slightly 
𝑒
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Fig. 8. Distributions of the current density, 𝐼 , and gas saturation, 𝑠𝑔 , for various PTL interfacial pore half-widths, 𝑤𝑝 = 1, 10, 40 μm, corresponding to an effective electrical 
conductivity of the anode CL, 𝜎acl

𝑒 = 5 Sm−1. The distributions corresponding to 𝑤𝑝 = 1 μm are amplified by a factor of 2 for visualization purposes. See caption to Figs.  6 and 7 
for further details.
reduced when the interfacial porosity is lower. In practice, the use of 
intermediate interfacial porosities around 𝜀aptl∕acl ≈ 0.5 is suggested as 
an appropriate trade-off between electrical and mass transport losses, 
as considered in several previous experimental works with or without 
an anode MPL [28,32–34,60,85–87].

Fig.  8 clearly reflects the strong impact of the interfacial pore size 
on the current density and gas saturation distributions in the anode 
CL. At large pore size (𝑤𝑝 = 40 μm), there is a severe inhomogeneity 
in the current density and gas saturation distributions under the void 
and solid PTL regions. The current density is dramatically suppressed 
under the void region and the gas accumulates under the solid region 
due to the enlarged in-plane electrical and mass transport resistances, 
respectively. The situation is somewhat mitigated at 𝑤𝑝 = 10 μm, 
leading to an increase in the current density around the void/solid 
transition region and a reduction of the gas saturation under the solid 
PTL. However, the inhomogeneity between the void and solid regions 
is still significant. It is necessary to decrease the pore radius down to 
𝑤𝑝 = 1 μm to virtually reach a similar current density throughout the 
anode CL and remove any effect of the in-plane electrical resistance. 
Similarly, the gas saturations under the void and solid regions become 
virtually the same at 𝑤𝑝 = 1 μm, strongly reducing the mass transport 
resistance under the solid PTL. This scenario mimics that corresponding 
to the incorporation of a micrometer-sized MPL into a conventional 
macroporous PTL [32–34].

5.3. Key parameters

The parametric analysis presented in the previous sections pro-
vides insight into the effect of the anode PTL/CL interface on cell 
performance. However, no quantitative guidelines were extracted for 
predictive design. The purpose of this section is to identify the key 
parameters that govern the behavior of the anode PTL/CL interface, 
i.e., the current density under the void region, 𝐼𝑣, and the gas saturation 
under the solid region, 𝑠𝑔,𝑠, considering the full results dataset.

The main variable that affects the performance of the void region 
is the in-plane electrical resistance, 𝑅𝑒,𝑖𝑝. Considering that the current 
generated under the void region is 𝐼𝑣𝑤𝑝𝑏, where 𝑏 is the perpendicular 
length to the paper, we have that 

𝑅𝑒,𝑖𝑝 =
𝛥𝑉 ; 𝛥𝑉 = 1

acl,eq

𝓁𝑝 (𝐼𝑣𝑤𝑝𝑏) (11)

𝐼𝑣 𝜎𝑒 𝛿acl𝑏
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where 𝜎acl,eq𝑒 = 𝜎acl𝑒

√

1 + 𝐴𝑅2 is the equivalent conductivity of the anode 
CL, and 𝓁𝑝 =

√

𝑤2
𝑝 + 𝛿2acl is the effective transport length from the void 

region toward the solid PTL surface.
Combining the above expressions, we yield the following equation 

for 𝑅𝑒,𝑖𝑝 as a function of the parameters examined in this work 

𝑅𝑒,𝑖𝑝 =
𝓁𝑝𝑤𝑝
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√
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=
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𝑝

𝛿acl
1

𝜎acl𝑒

√

1 + (𝛿acl∕𝑤𝑝)2

1 + 𝐴𝑅2
(12)

Note that the effect of 𝐼𝑅 on 𝑅𝑒,𝑖𝑝 is virtually negligible. The strongest 
effect on 𝑅𝑒,𝑖𝑝 is given by the quadratic dependency of the pore ra-
dius, 𝑤𝑝, while 𝑅𝑒,𝑖𝑝 is inversely proportional to the CL thickness, in 
agreement with the results discussed before.

As shown in Fig.  9(a), the 𝐼𝑣 vs. 𝑅𝑒,𝑖𝑝 data collapse onto a single 
curve, featuring a sigmoidal shape. The stochastic dispersion of the 
data is mainly explained by the variability of the total volume elec-
trochemical surface area per unit of geometric area with Ir loading. At 
high in-plane electrical resistance (𝑅𝑒,𝑖𝑝 ≳ 1 Ω cm2), current generation 
under the void region is virtually negligible, barely reaching more 
than 𝐼𝑣 ≃ 1 A cm−2. The current density significantly grows in the 
intermediate range between 𝑅𝑒,𝑖𝑝 ∼ 10−3–1 Ω cm2, increasing from 
𝐼𝑣 ≃ 1 A cm−2 to 𝐼𝑣 ≃ 6 A cm−2. Below 𝑅𝑒,𝑖𝑝 ≲ 10−3 Ωcm2, 𝐼𝑣 reaches a 
plateau at high current density, indicating that the voltage drop under 
the void region is no longer an issue. Hence, the design criterion to 
minimize the detrimental effect of in-plane electrical resistance must 
be established at 𝑅𝑒,𝑖𝑝 ≃ 10−3 Ωcm2, which leads to 𝛥𝑉 ≃ 1–10 mV
when 𝐼𝑣 ≃ 1–10 A cm−2.

In terms of gas saturation, the most influential variable identified in 
this work is the blockage ratio, 𝐵𝑅, which provides a measure of the 
largeness of the solid particle region compared to the CL thickness 

𝐵𝑅 =
𝑤𝑐𝑙 −𝑤𝑝

𝛿acl
=

𝑤𝑠
𝛿acl

(13)

where 𝑤𝑠 = 𝑤𝑐𝑙 −𝑤𝑝 is the half-width of the interfacial solid region of 
the anode PTL (i.e., solid particle radius). This dimensionless parameter 
combines the effect caused by the increase of the volumetric oxygen 
generation rate with the decrease of the CL thickness (Fig.  3(b)), and 
the growth of the mass transport resistance from the solid PTL region 
to the void PTL region for higher solid particle sizes (Fig.  7(a)).
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Fig. 9. (a) Variation of the current density under the void region of the PTL, 𝐼𝑣, with the in-plane electrical resistance of this region, 𝑅𝑒,𝑖𝑝, for all the cases examined in this work. 
(a) Variation of the gas saturation under the solid region of the PTL, 𝑠𝑔,𝑠, with the CL blockage ratio, 𝐵𝑅, for all the cases examined in this work. See Table  3 for the examined 
parameters. (c) Illustrative diagram showing the maximum pore half-width (pore radius), 𝑤max

𝑝 , as a function of the anode CL thickness, 𝛿acl (and Ir loading of a conventional CL, 
𝐿Ir ). The expected operational range of conventional low loading CLs composed only of Ir (gray region, 𝜎acl

𝑒 ≃ 10−1–102 Sm−1) and ultra-low and low loading bimodal catalyst 
layers composed of Ir and a secondary conductive phase, e.g., Pt black (green regions, 𝜎acl

𝑒 ≃ 102–104 Sm−1) are indicated. The dashed lines correspond to PTLs with an interfacial 
blockage ratio, 𝐵𝑅 = 1, 10.
Fig.  9(b) shows the variation of the gas saturation under the solid 
PTL region as a function of 𝐵𝑅. Despite the stochastic dispersion of 
the data, a rather exponential-shaped increase of the gas saturation 
with 𝐵𝑅 can be recognized. The variability of the data is ascribed to 
other factors that are not taken into account only with 𝐵𝑅, such as the 
interfacial porosity, 𝜀aptl∕acl, the intrusion ratio, 𝐼𝑅, etc. At low blockage 
ratios (𝐵𝑅 ≲ 1), the gas saturation remains rather constant close to 
0.45 (𝑠𝑔,𝑠 ≈ 0.45). Between 𝐵𝑅 ∼ 1–10, the gas saturation gradually 
increases up to 𝑠𝑔,𝑠 ≈ 0.65. Above 𝐵𝑅 ≳ 10, high gas saturations 
are reached around 𝑠𝑔,𝑠 ≃ 0.8–0.9. Such large blockage ratios and 
gas saturations can notably reduce the specific electrochemical surface 
area, thereby decreasing the maximum possible performance that can 
be achieved once electrical losses are minimized. Consequently, an 
interfacial design with moderate blockage ratios, 𝐵𝑅 ≲ 1–10, would 
be desirable to ensure high performance.

Using the above two design criteria, (𝑖) 𝑅𝑒,𝑖𝑝 ≤ 𝛬𝑒 and (𝑖𝑖) 𝐵𝑅 ≤
𝛬𝑠, the maximum pore radius, 𝑤max

𝑝 , necessary to minimize in-plane 
electrical losses and avoid excessive gas accumulation at 𝐴𝑅 = 1 can 
be obtained 
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𝑤max
𝑝 = 𝛬𝑠𝛿acl (14b)

where 𝛬𝑒 = 10−3 Ωcm2 and 𝛬𝑠 = 1–10 are the thresholds selected for 
the in-plane electrical resistance and gas saturation, respectively.

The relationships provided by Eqs. (14a)–(14b) are examined in the 
diagram depicted in Fig.  9(c) as a function of the anode CL thickness for 
different electrical conductivities: (𝑖) 𝜎acl𝑒 ≃ 10−1–102 Sm−1, correspond-
ing to the range typically observed in conventional unsupported IrOx 
CLs, and (𝑖𝑖) 𝜎acl𝑒 ≃ 102–104 Sm−1, corresponding to the range that can 
be achieved in bimodal CLs with a secondary conductive phase, such 
as TiOx, NbOx or Pt black. As a reference, the Ir loading corresponding 
to the anode CL thickness of conventional unsupported IrOx electrodes 
is also indicated between brackets on the 𝑥-axis. From this diagram, we 
can conclude that the development of conventional unsupported IrOx 
CLs at low Ir loading (𝐿Ir ≃ 0.1–0.5 mgIr cm−2) requires the incorpora-
tion of an MPL to maximize performance. Micrometer-sized MPLs with 
𝑤𝑝 ≃ 1–5 μm are appropriate to remove in-plane electrical losses when 
the electrical conductivity is around 𝜎acl𝑒 ∼ 10–100 Sm−1. However, 
at lower electrical conductivities (𝜎acl𝑒 ≲ 10 Sm−1), nanometer-sized 
electrodes would be necessary for good in-plane electrical transport. 
The design of bimodal electrodes with enhanced electrical conductivity 
between 𝜎acl𝑒 ∼ 102–104 Sm−1 enables high performance without the 
incorporation of an MPL, provided that the interfacial PTL pore size 
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is around 𝑤𝑝 ∼ 10 μm, as usually adopted in most state-of-the-art 
PTLs. More challenging is the design at ultra-low Ir loading (𝐿Ir ≃
0.01–0.1 mgIr cm−2). The use of conventional unsupported IrOx CLs at 
ultra-low Ir loading would require nanometer-sized MPLs, with a finer 
pore size at decreasing electrical conductivity. Therefore, ensuring an 
acceptable electrical conductivity at ultra-low Ir loading through an 
improved morphological design is crucial to avoid the use of MPLs with 
too small pore sizes, which may lead to non-negligible mass transport 
losses. An alternative to this approach is the combination of bimodal 
CLs with micrometer-sized MPLs to strongly reduce the use of noble 
metals. In this regard, the amount of added secondary conductive phase 
into the CL must be carefully controlled to minimize cost, or explore 
the development of more economical conductive materials that can 
withstand the corrosive environment of the anode.

The design criterion introduced by the gas blockage ratio plays a 
secondary role due to the lower impact of mass transport compared to 
electrical transport on PEMWE performance. Nevertheless, maximizing 
the electrochemically active surface area is always beneficial, especially 
at ultra-low Ir loading, where excessive decrease of the total volume 
reactive area is a prevalent issue. As shown in Fig.  9(c), a moderate 
gas saturation (𝐵𝑅 ∼ 1–10) is typically achieved at low Ir loading using 
conventional unsupported IrOx CLs combined with micrometer-sized 
MPLs or bimodal CLs without MPL, so that the gas blockage effect is 
not critical. However, at ultra-low Ir loading, interfacial design needs to 
be more carefully controlled, especially in bimodal CLs, since 𝐵𝑅 ≳ 10
may be achieved if the design of the MPL pore structure and the CL 
thickness are not properly performed. In this regard, the thickening 
of the CL with the addition of a secondary conductive phase would 
help to decrease 𝐵𝑅. It is worth noting that the design of ultra-low 
Ir loading CLs has been recently examined in a few works (𝐿Ir ≈
0.05–0.1 mgIr cm−2) [89–91]. The most extended approach adopted 
so far has been the use of (𝑖) self-supported nanotubes onto the PTL 
substrate (e.g., TiO2), where the IrOx catalyst is deposited, and (𝑖𝑖) 
the direct growth or printing of Ir-based nanotubes. These approaches 
ensure a nanometric interspace between nanotubes to minimize elec-
trical losses, while maximizing the electrochemical surface area and 
facilitating oxygen evacuation. These design guidelines agree with the 
results presented in this work.

6. Conclusions

A 2D model of a proton exchange membrane water electrolyzer 
(PEMWE) has been presented to investigate the role of the interface 
between the anode porous transport layer (PTL) and the catalyst layer 
(CL) on cell performance. The numerical model was used to carry out 
a comprehensive parametric analysis in terms of: (𝑖) effective electrical 
conductivity of the anode CL; (𝑖𝑖) anode CL thickness; (𝑖𝑖𝑖) anode 
PTL interfacial pore radius; (𝑖𝑣) anode PTL interfacial porosity; (𝑣) 
conductivity anisotropy ratio of the anode CL; and (𝑣𝑖) intrusion ratio of 
the anode PTL into the anode CL. In addition, the model was combined 
with experimental data of the thickness and the effective electrical 
conductivity of unsupported CLs to assess the impact of Ir loading on 
cell performance.

The results have confirmed that the anode PTL/CL interface plays a 
critical role on PEMWE performance. The main parameter that governs 
the current density under the void PTL region is the in-plane electrical 
resistance, 𝑅𝑒,𝑖𝑝. An appropriate design must ensure that the in-plane 
voltage drop at the anode PTL/CL interface remains below 1–10 mV
at 1–10 A cm−2, leading to 𝑅𝑒,𝑖𝑝 ≲ 10−3 Ωcm2. At low Ir loading 
(𝐿Ir ≃ 0.1 mgIr cm−2), this condition can be achieved through the incor-
poration of a micrometer-sized microporous layer (MPL) onto the PTL 
or the use of bimodal CLs with a secondary conductive phase, such as 
TiOx, NbOx, or Pt black. At ultra-low Pt loading (𝐿Ir ≲ 0.1 mgIr cm−2), 
the development of an unsupported IrOx CL with a nanometer-sized 
MPL or the combination of a bimodal CL with a micrometer-sized 
16 
MPL would be necessary. In addition, operation at ultra-low Ir load-
ing should ensure that the exchange current density and the specific 
electrochemical surface area are maximized to compensate for the 
reduction of the total volume reactive area per unit of geometric area 
with decreasing CL thickness. In terms of gas transport, the anode CL 
should be significantly thicker than the PTL solid size to avoid large 
gas coverage fractions of the catalyst under the solid interfacial region.

Several aspects warrant closer attention. Future work should be fo-
cused on the analysis of ultra-low Ir loading CLs including micrometer- 
and nanometer-sized MPLs, together with conventional and bimodal 
CLs with different morphological and volumetric compositions. Tech-
nological limits with the highest economic benefit are to be identified 
experimentally and validated by numerical modeling. In addition, the 
coupled effect of gas accumulation on ohmic transport in the anode CL 
should be examined using an updated model that accounts for water 
content transport in the ionomer.
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