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A high advancement has been achieved in the design of proton exchange membrane fuel cells (PEMFCs) since the development of thin-film catalyst layers (CLs). However, the progress has slowed down in the last decade due to the difficulty in reducing Pt loading, especially at the cathode side, while preserving high stack performance. This situation poses a barrier to the widespread commercialization of fuel cell vehicles, where high performance and durability are needed at a reduced cost. Exploring the technology limits is necessary to adopt successful strategies that can allow the development of improved PEMFCs for the automotive industry. In this work, a numerical model of an optimized cathode CL is presented, which combines a multiscale formulation of mass and charge transport at the nanoscale [image: image] and at the layer scale [image: image]. The effect of exterior oxygen and ohmic transport resistances are incorporated through mixed boundary conditions. The optimized CL features a vertically aligned geometry of equally spaced ionomer pillars, which are covered by a thin nanoporous electron-conductive shell. The interior surface of cylindrical nanopores is catalyzed with a Pt skin (atomic thickness), so that triple phase points are provided by liquid water. The results show the need to develop thin CLs with bimodal pore size distributions and functionalized microstructures to maximize the utilization of water-filled nanopores in which oxygen transport is facilitated compared with ionomer thin films. Proton transport across the CL must be assisted by low-tortuosity ionomer regions, which provide highways for proton transport. Large secondary pores are beneficial to facilitate oxygen distribution and water removal. Ultimate targets set by the U.S. Department of Energy and other governments can be achieved by an optimization of the CL microstructure with a high electrochemical surface area, a reduction of the oxygen transport resistance from the channel to the CL, and an increase of the catalyst activity (or maintaining a similar activity with Pt alloys). Carbon-free supports (e.g., polymer or metal) are preferred to avoid corrosion and enlarge durability.
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1 INTRODUCTION
The development of thin-film catalyst layers (CLs) at Los Alamos National Laboratory (LANL) at the beginning of the 90s (thickness, δcl ≈ 50–100 μm) was a breakthrough in proton exchange membrane fuel cells (PEMFCs). The replacement of microstructures that worked with liquid electrolytes based on Pt black catalyst and polytetrafluoroethylene (PTFE) binder by microstructures based on Pt/C catalyst and ionomer (Nafion) dramatically increased catalyst utilization, decreasing Pt loading from LPt = 4 mgPt cm−2 to LPt = 0.4 mgPt cm−2 (Wilson and Gottesfeld, 1992). However, Pt loadings around LPt = 0.4 mgPt cm−2 are still the commercial standard, since a further reduction of the Pt loading has been difficult since then due to performance and durability issues (Kongkanand and Mathias, 2016; Nguyen et al., 2021; Tellez-Cruz et al., 2021). Losses are more important at the cathode due to the sluggish kinetics of the oxygen reduction reaction (ORR) and lower diffusivity of oxygen compared with the fast kinetics of the hydrogen oxidation reaction (HOR) and high diffusivity of hydrogen (Garcia-Salaberri, 2022). Concern about this situation has increased in the last decade as PEMFCs are reaching their commercialization stage, especially in the automotive sector, where they compete with other technologies (internal combustion engine and Li-ion battery) (Atanassov et al., 2021). Recent targets set by the U.S. Department of Energy (DOE) for fuel cell vehicles to make PEFC technology competitive have been hardly met (Wang et al., 2020a). The Toyota Mirai presented in 2018 showed limited durability of 3,000 h in a real-world driving test and failed largely in a DOE accelerated stress test (AST) protocol. The performance decreased significantly after 5,000 cycles with a cathode CL thickness reduction from approximately 10 μm–3 μm (Borup et al., 2018). Recently, an assessment performed by a team of experts concluded that the median 2017 automotive cost of a PEMFC system is around 75 $ kW−1 with a stack durability and power density of 4, 000 h and 2.5 kW L−1, whilst the DOE ultimate targets are 30 $ kW−1, 8, 000 h and 3 kW L−1, respectively. The ultimate performance target is expected to be met by 2035 and the ultimate cost and durability targets by 2050 (Whiston et al., 2019). Despite the ongoing progress, other numbers are also still away of targets established for 2025 by the U.S. and other regions, such as the European Union (Yunzhe et al., 2020)) (the status reported during 2015-2020 is indicated in brackets (DOE, 2015; Wang et al., 2020a)): 1) total Pt group metal (PGM) content lower than 0.1 g kW−1 (0.16 g kW−1); 2) rated power density of 1 W cm−2 (0.81 W cm−2); 3) minimum electrical resistance of 1000 Ω cm2(1635 Ω cm2).
A key issue for decreasing Pt loading (mainly at the cathode) is caused by local mass transport resistance introduced by thin ionomer films surrounding Pt nanoparticles (Weber and Kusoglu, 2014; Sánchez-Ramos et al., 2021, 2022). The local oxygen transport resistance (per unit of geometric area) is inversely proportional to the roughness factor, the ratio between the electrochemically active surface area and the cell geometric area, [image: image]. The detrimental effect of reducing rf is a limitation of heterogeneous reactive systems, since the average oxygen flux at the surface of Pt nanoparticles, [image: image], increases by a factor [image: image] with respect to the oxygen flux per unit of geometric area, [image: image]. In other words, [image: image] according to the species mass conservation equation (Greszler et al., 2012). For a vanishing Pt loading (LPt → 0), the oxygen flux at a lonely catalytic site would become infinitely high, [image: image], thereby leading to strong mass transport losses to maintain a prescribed current density (Iavg > 0). Consequently, the cell performance will inevitably drop to the stable point provided by a null current density (Iavg → 0 when rf → 0) regardless of the feed flow rate and the catalyst activity. A similar barrier would arise for other transported species, protons and electrons, even though the performance limitation is less severe than in the case of oxygen because charge transport resistances are lower, especially in the case of electrons. The performance loss at small rf can be mitigated in three ways: 1) increasing the electrochemically active surface area per unit catalyst mass, ECSA, to increase APt at a given Pt loading, LPt, 2) reducing any mass transport resistance in the path of oxygen from the channel (say, stack inlet) toward each catalyst site, and 3) increasing the catalyst mass activity, so that each Pt nanoparticle can potentially generate a higher current at a given overpotential (provided that other losses do not limit performance). If the design is not restricted to Pt, the fourth 4) available option is to use Pt alloys or PGM-free catalysts with an activity comparable to that of Pt (Sánchez-Ramos et al., 2022; Liu et al., 2019b,a).
A large effort has been devoted to improving performance at low Pt loading, including the increase of the ECSA, the development of more active catalysts with reduced Pt content, and the decrease of mass transport resistances in the membrane electrode assembly (MEA), flow field and stack (Goshtasbi et al., 2019; Park et al., 2019; Chen et al., 2020; Cochet et al., 2020). Here, we shall focus mainly on the latter approach, since the other options can be incorporated into a previously optimized design in terms of mass transport. Reducing the oxygen transport resistance in a PEMFC can be addressed by: 1) a reduction of the internal mass transport resistance of the CL microstructure, 2) a reduction of the mass transport resistance of the backing layer (gas diffusion layer, GDL, and microporous layer, MPL) and at the GDL/channel/rib interface, 3) a decrease of the along-the channel and stack flow distributor resistance caused by difficulties in liquid water removal (especially at high current densities above 2–3 A cm−2), or a combination thereof (see, e.g. (Yi et al., 2012; Choi et al., 2014; García-Salaberri P. et al., 2017; Azarafza et al., 2019; Deng et al., 2021; Zhang et al., 2021; Zapardiel and García-Salaberri, 2022), among others). The ohmic loss in the proton exchange membrane (PEM) and CLs is less relevant at low Pt loading in state-of-the-art designs. Figure 1A shows the peak power density per unit mass of Pt achieved with some CL designs presented in the last years. To facilitate the presentation, two groups are distinguished: 1) conventional CLs (CONV and C-ENG in Figure 1) based on the original thin-film CL design without and with engineered or modified nanoporous supports (pore radius, Rp ≲ 10 nm), and 2) innovative CLs (VA, NSTFC and I-ENG in Figure 1), which includes alternative CL designs aimed at reducing mass and ohmic transport losses across the CL thickness, at local Pt sites, or at both locations. Advances achieved in both groups are discussed below.
[image: Figure 1]FIGURE 1 | (A) Peak power per Pt miligram, Pmax, achieved with different cathode CL designs: CONV, conventional CLs with solid (Vulcan) and nanoporous (e.g., KetjenBlack) carbon supports prepared by different techniques (e.g., airbrush or electrospraying) (Orfanidi et al., 2017; Garsany et al., 2018; Conde et al., 2019; Talukdar et al., 2019; Cui et al., 2021); CONV-ENG, conventional CLs with engineered or modified nanoporous supports (Yarlagadda et al., 2018; Ramaswamy et al., 2020); VA, CLs with vertically aligned supports covered by ionomer (i.e., based on Middelman’s ideal microstructure) (Murata et al., 2014; Xia et al., 2015; Meng et al., 2022); NSTFC, ionomer-free nanostructured thin film catalysts Debe (2012); Debe et al. (2011); Debe (2011); Debe et al. (2006); Ostroverkh et al. (2019); ION-ENG, CLs with engineered or modified ionomer distributions (e.g., a combination of ionomer nanofibers and conventional microstructures with reduced ionomer content) (Zhang and Pintauro, 2011; Borup and Weber, 2019; Sun et al., 2019; Yoshino et al., 2020). The 2020 DOE target, [image: image] W mg[image: image], is indicated by a red dashed line. Baseline operating conditions: air/H2, temperature, T = 70 − 80°C, relative humidity, RH = 1, cathode back pressure, pc = 150 kPa(abs). (B) Normalized ECSA with respect to BOL as a function of the number of cycles in ASTs for different catalyst supports: Carbon, CLs supported on conventional carbon nanoparticles ((Babu et al., 2021) and other references included herein); G-Gr-C@PTFE, CLs supported on either graphitized carbon, graphene or PTFE-doped carbon nanoparticles (Wang et al., 2019; Babu et al., 2021; Pushkareva et al., 2021); VACNT, CLs based on vertically aligned carbon nanotubes covered by ionomer (Murata et al., 2014; Meng et al., 2022); Polymer, CLs based on polymer whiskers without (e.g., NSTFC (Debe et al., 2006; Debe, 2011; Debe et al., 2011; Debe, 2012; Ostroverkh et al., 2019)) and with (Xia et al., 2015) ionomer films; Metal oxide, conventional CLs supported on metal oxide nanoparticles (e.g., titanium dioxide (TiO2) powder) (Esfahani et al., 2018; Esfahani and Easton, 2020; Chen et al., 2021).
In terms of conventional CLs, two main approaches have been used to enhance performance at low Pt loading: 1) reduction of bulk transport losses considering alternative production techniques (e.g., catalyst deposition by electrospraying or freeze drying (Folgado et al., 2018; Talukdar et al., 2019)), and 2) the modification of nanoporous supports to optimize triple phase points at catalyst sites (CONV-ENG) (Yarlagadda et al., 2018; Ramaswamy et al., 2020; Kobayashi et al., 2021). The second strategy is more fundamental. Provided that a continuous electron pathway exists across a CL, there are two options to form triple phase points (allowing a simultaneous access of oxygen, protons and electrons): 1) active catalyst in contact with liquid water, and 2) active catalyst in contact with hydrated ionomer. Compared with transport in an ionomer film, oxygen diffusion in liquid water is easier while proton conduction in liquid water is more difficult (Zenyuk and Litster, 2014; Muzaffar et al., 2018). Since oxygen transport is typically the limiting process at low Pt loading, transport in liquid water at triple phase points is preferred Yarlagadda et al. (2018). In addition, catalyst sites in contact with liquid water do not suffer from a reduction of the electrochemical activity due to adsorption of sulfonate groups at hydrophilic Pt surfaces (Takeshita et al., 2020). The General Motors Company exploited this approach by engineering accessible nanopores already present in high surface area carbon (HSAC) supports, such as Ketjenblack, in contrast to low surface area carbon (LSCA) supports (e.g., Vulcan) (Yarlagadda et al., 2018). Van der Waals adsorption, capillary condensation and water generation ensured the presence of liquid water in nanopores. As a result, efficient oxygen and proton transport around catalyst sites was possible, while providing good proton transport at the layer scale through ionomer films (Zenyuk and Litster, 2014). The achieved Pt mass-specific performance was remarkably high (the largest reported so far to the authors’ knowledge), [image: image] (Iavg = 2 A cm−2 at Vcell ≈ 0.65 V and LPt = 0.06 mgPt cm−2), similar to that reached in the Toyota Mirai with LPt = 0.3 mgPt cm−2 (five times higher). Generally speaking, for a given nanoporous support and CL preparation route, a fraction of Pt nanoparticles is deposited inside nanopores, while the remaining stays on the outer surface covered by ionomer. Consequently, there is an optimum ionomer-to-carbon ratio, I/Copt, which maximizes the peak power density due to a proper balance between mass transport and ohmic losses. When most of the catalyst is inside nanopores, a higher I/C is desirable to facilitate proton transport along the outer surface if ionomer does not block the access to the interior of nanopores (Kobayashi et al., 2021).
In terms of innovative CLs, Toyota Motor Corporation developed vertically aligned (VA) microstructures based on the idealized design proposed by Middelman (Middelman, 2002; Murata et al., 2014). This idealized microstructure is composed of a structured array of electron-conductive pillars catalyzed with Pt and covered with a co-axial ionomer film for proton transport. This design provides the best theoretical solution to minimize bulk transport losses provided that water flooding is not an issue and the ionomer film is able to conduct protons efficiently with a negligible local mass transport resistance. However, this is not usually the case in practice, where the ionomer mass transport resistance significantly reduces the performance at low Pt loading, leading to a non-optimal ECSA utilization (Spingler et al., 2017; Schuler et al., 2019). Two worth noting designs have been proposed to overcome this issue: 1) ionomer-free nanostructured thin film catalyst (NSTFC) developed by The 3M Company (Debe et al., 2006; Debe, 2011; Debe et al., 2011; Debe, 2012; Ostroverkh et al., 2019), and 2) designs based on a combination of ionomer nanofibers (proton transport highways) and a conventional microstructure with reduced ionomer content (ION-ENG) examined by U.S. National Laboratories and Toyota Motor Corporation (Zhang and Pintauro, 2011; Borup and Weber, 2019; Sun et al., 2019; Yoshino et al., 2020). Ultra-thin NSTFC electrodes (δcl < 1 μm) are solely composed of polymer whiskers catalyzed by a Pt monolayer, so that the Pt skin is used to conduct electrons and (generated) liquid water to conduct protons. Despite its simplicity, the main drawback of this design is caused by flooding of the cathode CL at low operating temperature, which can be ascribed to the hydrophilicity of the Pt skin and CL thinness (Debe, 2012; Zenyuk et al., 2016a). Moreover, oxygen diffusion and proton conduction across hundreds of nanometers of liquid water in NSTFC electrodes is a sub-optimal solution to increase the peak power density compared with the lower lengths that can be achieved in CON-ENG designs. ION-ENG electrodes are an interesting option toward the development of bi-functionalized microstructures that can combine facilitated domains for oxygen and proton transport. Currently, the main practical difficulty lies in producing composite microstructures with a good transition between ionomer nanofibers and ionomer thin films. The performance achieved with this variant is still below the 2020 DOE target, even though it has been shown to be a viable route to increase performance at reduced RH due to enhanced water uptake (Yoshino et al., 2020).
The ECSA reduction normalized with respect to the value at the beginning of life (BOL) achieved in ASTs with different catalyst supports is shown in Figure 1B. Although the high activity of Pt/C catalysts is desirable, carbon supports can suffer from limited durability mainly due to: 1) agglomeration of Pt nanoparticles (RPt ∼ 2 nm) caused by electrochemical Ostwald ripening and/or migration-coalescence, and 2) an overlap between the operating voltage and the carbon corrosion potential, especially at cell voltages above Vcell ≈ 1 V (Babu et al., 2021; Zhao et al., 2021). Catalyst agglomeration leads to a direct reduction of the ECSA, since larger Pt nanoparticles feature a lower specific surface area, [image: image]. An effective strategy to mitigate catalyst agglomeration is the use of stable catalyst skins, which behave as one being rather than as multiple independent entities (Debe et al., 2006; Mardle and Du, 2022). Carbon corrosion leads to a loss of support material due to carbon oxidation, which causes electrode thinning, porosity reduction, pore size increase (reduction of nanopore volume fraction) and ECSA reduction (Borup et al., 2020). The combined effect of material loss and nanopore clogging can be particularly problematic for HSAC supports that store a large part of their ECSA inside nanopores. Recent work has shown that the durability of carbon-based supports can be somewhat extended using graphitized carbon or graphene, as well as carbon supports doped with tailored amounts of PTFE, because of their higher oxidation resistance (Wang et al., 2019; Babu et al., 2021; Pushkareva et al., 2021). Vertically aligned carbon nanotubes (VACNTs) also seem to be an insufficient solution to solve the problem of carbon corrosion (Murata et al., 2014; Meng et al., 2022), even though improvement has been achieved with double-walled (DWCNTs) and multi-walled (MWCNTs) carbon nanotubes (Chen et al., 2007; MoghadamEsfahani et al., 2020). Carbon-free electrodes have shown significantly longer durability than carbon-based supports due to oxidation suppression (Antolini and Gonzalez, 2009; Lv and Mu, 2014). Among carbon-free supports, metal oxide supports are a robust option because of their high electrical conductivity and corrosion resistance. In particular, titanium dioxide (TiO2) supports are very active with Pt and have provided an extraordinarily high corrosion resistance above DOE targets (Esfahani et al., 2018; Esfahani and Easton, 2020; Chen et al., 2021). Nevertheless, the widespread adoption of supports based on Ti requires an economic analysis. Polymeric and ceramic supports can be a cost-effective alternative but in general suffer from the problem of low electrical conductivity, being necessary a modification of the raw material (Xia et al., 2015). The issue of low electrical conductivity can be avoided if the support is not used for electron conduction, as in the case of NSTFC electrodes (Debe, 2012).
In this work, as shown in Figure 2, the performance of an idealized cathode CL which features a VA geometry with a bimodal pore size distribution is examined. The microstructure is fully bi-functionalized, so there is no interaction between the ionomer space devoted to proton transport and the secondary space devoted to oxygen transport. The ORR takes place in water-filled primary nanopores grooved in an electron-conductive shell in contact with both domains, and catalyzed with an atomic Pt skin to maximize the ECSA. This microstructure provides an idealized version of the situation found in engineered HSAC supports (CONV-ENG) in which the solid volume fraction has been minimized with the aim of providing a continuous path for electron transport without a significant electrical loss Wilson and Gottesfeld (1992). The design further considers that all nanopores (i.e., Pt sites) are accessible and removes entirely any ionomer transport resistance at the entrance of nanopores. The proposed microstructure is to be optimized geometrically. The organization of the paper is as follows. In Section 2, the assumptions and the multiscale approach considered to model the idealized cathode CL and exterior mass and ohmic transport resistances are presented. A special focus is devoted in Subsection 2.1 to the assumptions made on water management, which has not been explicitly modeled here. The formulations of the macroscopic model at the layer scale and the microscopic model at the nanopore scale are presented in Sections 3 and 4, respectively. The case studies are described in Section 5, which considers an analysis of the optimized geometry of the idealized cathode CL, the effect of exterior transport resistances, and the effect of catalyst activity. The results are discussed in Section 6, where technological frontiers are analyzed. Finally, the conclusions are presented in Section 7.
[image: Figure 2]FIGURE 2 | Schematic of a bi-functionalized bimodal cathode CL microstructure with targeted domains for proton and gas species transport, and a primary (R ≲ 10 nm)/secondary (R ≳ 10 nm) pore size distribution. ORR and electron transport take place in a nanoporous shell covering ionomer pillars, which is made of a highly electron-conductive material catalyzed with Pt. Liquid water can be transported both through ionomer pillars and released to secondary pores. The characteristic spacing between pillars is L.
2 NUMERICAL MODEL
2.1 Assumptions
The main simplifying assumptions adopted in the model formulation are as follows:
1) Steady state operation, isothermal conditions and ideal gases.
2) Full gas humidification [image: image] and temperature operation at T ≈ 80°C.
3) The PEM is perfectly impermeable to gas species and convection is negligible in the CL.
4) Adsorption kinetics at catalyst sites for the examined voltage close to peak power density (Vcell = 0.5 V) is infinitely fast (Sánchez-Ramos et al., 2021).
5) The oxygen concentration drop from the channel to the CL/MPL interface and the voltage drop in other components different from the cathode CL are quantified by an overall mass transport resistance, [image: image], and an overall area-specific ohmic resistance, ASRpem, respectively. Both resistances do not vary with current density.
6) Ohmic and thermal contact resistances are negligible.
7) The CL microstructure is macroscopically homogeneous, being composed of evenly spaced ionomer pillars covered by a nanoporous electron-conductive shell. The interior surface of nanopores is catalyzed with an atomic Pt skin, and the solid fraction of the shell is composed of a highly conductive material, such as graphite (σe ∼ 104 S cm−1), graphene (σe ∼ 105 S cm−1) or a metal (e.g., Ti, σe ∼ 104 S cm−1). The secondary pore space between ionomer pillars shows a uniform pore size distribution (rather than a heterogeneous pore size distribution as in conventional CLs (Sakai et al., 2009)).
8) Degradation is negligible and the stiffness of the CL is infinitely high (Jomori et al., 2012).
9) The CL temperature is high enough to avoid flooding due to electrochemical generation and net water transport from anode to cathode. The secondary pore space is partially saturated with a prescribed average saturation savg, which is used to correct the bulk effective diffusivity. Two-phase flow of water saturation and water vapor is not modeled (see below).
10) Primary nanopores grooved in the electron-conductive shell are filled with liquid water from the ORR due to Van der Waals adsorption, capillary condensation and Knudsen effect.
The last two assumptions deserve further attention. Unlike porous media with pore sizes larger than 1 μm, two-phase transport in a CL is affected by two nanoscale aspects: 1) reduction of the vapor pressure of water by Van der Waals adsorption and Kelvin effect, and 2) reduction of the diffusivity coefficient of gas species by Knudsen effect.
According to the Kelvin equation, the actual saturation pressure of water in a nanometric concave meniscus, [image: image], is reduced exponentially compared with the value of a flat interface, [image: image], according to
[image: image]
where Ro is the universal gas constant, σ ≈ 0.072 N m−1 is the surface tension of the water-air fluid pair, [image: image] is the molar volume of water, Reff = R/cos  θ is the (effective) meniscus radius, and θ is the contact angle. Water shows a hydrophilic or mixed-wettability character with conventional materials employed in CLs (θ ≤ 90°). The contact angle is lower for metals, such as Pt, stainless steel and TiO2 (θPt ≈ 40°, θss ≈ 65°, θTiO2 ≈ 72°), and higher for carbon (θc ≈ 80◦) (Park and Aluru, 2009; Martinez-Urrutia et al., 2018; Liu et al., 2021). Hydrophobic contact angles can be achieved with graphene (θgr ≈ 95◦ − 100◦) (Taherian et al., 2013).
The reduction of the diffusivity coefficient of species i due to Knudsen effect (i.e., the frequent collision of gas molecules with pore walls) depends on the pore radius, R, according to the expression
[image: image]
where [image: image] is the molecular diffusivity coefficient, Di is the apparent diffusivity coefficient, which can be approximated by the Bosanquet formula, and [image: image] is the Knudsen diffusivity, given by the kinetic theory of gases
[image: image]
with Mi the molecular mass of species i.
Four key characteristic times can be distinguished related with two-phase transport in the pore space of a CL: 1) capillary action estimated according to the Young–Laplace equation, tc, 2) phase change of water from the Hertz-Knudsen equation (Jiao and Li, 2011; Attari Moghaddam et al., 2017), tpc, 3) viscous transport of liquid water from the Navier-Stokes equations, tv, and 4) diffusion of water vapor from Fick’s law, tH2O,d. For a pore radius R ∼ 50 nm and a characteristic velocity vc ∼ (Iavg/2F) (MH2O/ρH2O) ∼ 10–6 s at Iavg ≈ 1 A cm−2, the estimated times in increasing order are.
[image: image]
[image: image]
[image: image]
[image: image]
where alv is the liquid-water specific surface area, which is in the order of alv ∼ R−1 ∼ 2 × 107 m−1 for R = 50 nm, and ρ ≈ 103 kg m−3 and ν ≈ 10–6 m2 s−1 are the density and the kinematic viscosity of liquid water, respectively. The effective diffusivity of water vapor, [image: image], for a conventional CL can be approximated as, [image: image], with [image: image] (ɛ ≈ 0.4, savg ≈ 0.4) and [image: image] (T = 80°C) (Sánchez-Ramos et al., 2021; Garcia-Salaberri, 2022).
The liquid-phase pressure drop needed to drive the flow of liquid water across a CL can be estimated from Darcy’s law. Considering a CL permeability, K ∼ 10–15 − 10–16 m2, and a thickness, δcl ∼ 5 μm (Zhao et al., 2018), we yield
[image: image]
According to this result, the effect of the liquid water flow on the liquid pressure distribution established by capillarity is virtually negligible, which agrees with the numerical results of Liu et al. (2013) and previous experimental pc-s curves reported for CLs without and with cracks Kusoglu et al. (2012).
Putting all together, the above estimations suggest that water transport in vapor and liquid forms take place on a time scale significantly slower than phase change phenomena and (virtually instantaneous) capillary action (i.e., tv, tH2O,d ≫ tpc ≫ tc). Water transport is also expected to be slower compared with water desorption/sorption from/to ionomer, since ionomer and liquid-water specific surface areas are of a similar order of magnitude in conventional CLs (alv ∼ ai ∼ R−1). This scenario is comparable to that reported for GDLs, where evaporation/condensation of water is controlled by transport rather than interfacial kinetics (Gebel et al., 2011; Fumagalli et al., 2015; Zenyuk et al., 2016b). As shown in Figure 3A, the bimodal pore size distribution of CLs offers a good balance to simultaneously provide a high liquid-gas interfacial area in water-filled primary pores due to Van der Waals adsorption and capillary condensation (R ∼ 2–10 nm), and an enhanced water vapor removal rate through secondary pores due to reduced Knudsen effect (R ≳ 50 nm) (Zientara et al., 2013; Li et al., 2019; Huang et al., 2021). Neglecting phase-change resistances, the water vapor removal rate under partially-saturated conditions driven by a temperature gradient across a CL is given by (Kim and Mench, 2009)
[image: image]
where [image: image] is the saturation pressure of water (Sánchez-Ramos et al., 2021). This expression shows that although CLs are almost isotherms (temperature variation, ΔT ≲ 10–3 − 10–2 K), the temperature gradient created by generated heat is similar to that found in GDLs and cannot be neglected. In a first approximation, neglecting the water vapor flux across the PEM, the temperature gradient at the CL/MPL interface increases with current density
[image: image]
where [image: image] is the heat flux removed through the cathode compartment due to electrochemical reaction at a current density Iavg, which can be reasonably assumed to be half of the total generated heat flux, hlv ≈ 242 kJ mol−1 is the latent heat of vaporization/condensation of water, Vcell is the operating cell voltage and F is Faraday’s constant (Thomas et al., 2014; Straubhaar et al., 2015).
[image: Figure 3]FIGURE 3 | (A) Variation of the normalized saturation pressure, [image: image], with the pore radius, R, for three different contact angles, θ = 30° (≈Pt), 60°, 80° (≈ C), corresponding to T = 60°C. (B) Variation of the removal water vapor flux at the CL/MPL interface, [image: image], with the CL temperature, T, for three different pore radii, R = 2, 10, 50 nm, corresponding to θ = 80°. The water flux due to ORR generation and crossover from anode to cathode (β = 0.2) is also included for comparison (dashed line). Other parameters: savg = 0.6, ɛ = 0.4, keff(savg) = 0.3 W m−1K−1, [image: image] 3 kW−2.
Figure 3B shows the water vapor removal rate as a function of CL temperature for various pore radii, corresponding to an output current density Iavg ≈ 1 A cm−2 and a net water transport coefficient across the PEM from anode to cathode, β = 0.2 (savg ≈ 0.6). For a small pore radius, R ≈ 2 nm, the water removal flux in vapor form is not sufficient to transport the generation + crossover water flux in the temperature range T = 40–90°C. The same situation is found at temperatures below T ≲ 60°C for R ≈ 10 nm. Consequently, excess water is removed to the cathode MPL in liquid phase, condensed in the pore space, sorbed into the ionomer and/or pushed to the anode by a pressure difference (if a pressure difference between compartments exists). In contrast, when the pore radius is increased to tens of nanometers, R ≳ 50 nm, removal in vapor form is possible in the full temperature range. As a result, liquid water is desorbed from the ionomer to the pore space, liquid water is evaporated and/or liquid water enters the cathode CL by a pressure difference. This result highlights the importance of maintaining the CL at as high a temperature as possible within operational constraints. For a given current density (i.e., heat flux, [image: image]), liquid water saturation in the cathode CL can be decreased in three (main) ways: 1) reducing the water crossover flux from anode to cathode (e.g., using a hydrophobic cathode CL and/or a thin PEM), 2) enhancing water removal in vapor form with a lower effective thermal conductivity under partially saturated conditions and/or increasing the CL temperature (regardless of the cell temperature), and 3) facilitating water removal in liquid form, so that water that cannot be vaporized or sorbed into the ionomer can be easily evacuated in liquid form (Avcioglu et al., 2016; Chi et al., 2018; Folgado et al., 2018; Steinbach et al., 2018; Wang et al., 2019; Lin et al., 2021). The second option is challenged by the dependency of the effective thermal conductivity on water saturation, so a proper design of the layers adjacent to the cathode CL (e.g., the cathode MPL) may be necessary. Solutions to improve water management by a modification of the cathode CL microstructure can be achieved through a tailored addition of PTFE to decrease hydrophilicity from the interior to the exterior of nanopores (see Figure 4). The generated Laplace pressure difference between cathode and anode can be used to push water toward the ionomer, water menisci pinned at PTFE edges to enhance evaporation (a similar approach to that used in PTFE membranes in separation processes (Lu et al., 2017; Wang et al., 2020b)), and the external hydrophobic surface outside nanopores to facilitate the transport of liquid water to the cathode MPL. A tapered geometry with a narrow tip at the PTFE surface could also be incorporated to increase the Laplace pressure difference and enhance water transport to ionomer (i.e., anode side)—a rather similar mechanism to that used by some varieties of cactus for water harvesting Malik et al. (2016). Given the variety of possibilities to improve water management, two-phase transport modeling was omitted here. The scope of this work is restricted to examining the technological limits of cathode CLs with optimal transport routes and extracting good design practices for improved performance. No flooding in the cathode CL is assumed due to cell operation at high temperature (T = 80°C) and/or the incorporation of other strategies for water management. The cathode CL is partially saturated with a representative saturation, savg ≈ 0.4, including an interfacial resistance caused by water films at the entrance of nanopores.
[image: Figure 4]FIGURE 4 | Schematic of tailored structures to mitigate cathode flooding in primary nanopores of the idealized bi-functional cathode CL examined in this work: (A) straight cylindrical nanopore with a PTFE coating added on the exterior surface of the nanoporous shell, and (B) tapered nanopore with increased Laplace pressure to enhance transport of liquid water from a hydrophobic PTFE coating toward hydrated ionomer (connected to the anode side through the PEM).
2.2 Multiscale approach
A multiscale across-the-membrane model is considered to describe oxygen, proton and electron transport in the idealized bi-functional cathode CL (Mu et al., 2022). As shown in Figure 5, the representative elementary area (REA) in the CL is composed of a square region of length L and thickness δcl with a central ionomer pillar of radius Ri. The average half-size of the secondary pore space surrounding an ionomer pillar is Rv. The ionomer pillar is covered by a nanoporous electron-conductive shell (see close-up view in Figures 5A,B). The microscopic representative elementary volume (REV) inside a shell is composed of a straight nanopore of radius Rp and length Lp ≪ Ri (negligible curvature), which is catalyzed with a Pt skin of thickness δPt. The nanoporosity of the shell is ɛp with an average spacing between pores lp (hexagonal packing). The effect of the multicomponent microstructure and the nanoscale current generation rate are plugged into a volume-average formulation across the CL thickness by means of: 1) effective transport properties (effective diffusivity, and effective electrical and ionic conductivities), and 2) a volume-specific reaction rate (see the macro-homogeneous domain in Figure 5C). The information extracted before and during a simulation from the macroscopic REA and the microscopic REV is as follows:
1) Before a simulation, the bulk effective transport properties in the CL are expressed in terms of primary geometrical parameters. In the idealized geometry, the normalized dry effective molecular diffusivity, [image: image], is equal to the porosity of the secondary pore space, ɛ, to account for the reduction of the transport area with respect to the cell geometric area. The Knudsen effect, as presented before in Section 2.1, is introduced as a modification to [image: image]. Similarly, the normalized effective ionic conductivity, [image: image], is given by the ionomer volume fraction, ɛi. The normalized effective electrical conductivity, [image: image], is modeled according to the expression for a conductive matrix embedded in a hexagonal array of non-conductive cylinders (i.e., nanopores). A hexagonal packing of nanopores provides an optimal solution to maximize the effective electrical conductivity at a given nanoporosity (Perrins et al., 1979; Tomadakis and Sotirchos, 1993). The oxygen diffusivity and the ionic conductivity in liquid water inside nanopores are DO2,w and σp,w, respectively. These values are corrected by the nanoporosity of the shell, ɛp, to obtain the corresponding effective values, [image: image] and [image: image]. The decrease of the oxygen concentration caused by oxygen dissolution in liquid water is taken into account through Henry’s constant, kH,O2,w, while the effect of the local curvature of the flux from the secondary pore space to each nanopore of radius Rp is modeled through the entry transport resistance derived by Newman (Newman, 1966).
2) During a simulation, oxygen and proton transport are solved in a single pore using a 1D along-the-pore model that includes a surface reaction term. The current density generated in a single pore per unit of platinized area, Ip, is determined, and then converted into a local volumetric current density, jc(y), through the roughness factor, rf. The inlet boundary conditions for oxygen and protons in the microscopic model are provided by the local solution of the macroscopic model at each spatial coordinate across the thickness, y-coordinate. The local electronic potential, ϕe(y), used to evaluate the local overpotential, ηc(y), is also provided by the macroscopic model.
[image: Figure 5]FIGURE 5 | (A) REA of the examined bi-functionalized bimodal CL composed of cylindrical ionomer pillars surrounded by a nanoporous shell catalyzed with an atomic Pt skin. (B) Close-up view of the nanoscale geometry between an ionomer pillar and the secondary pore space. (C) Macro-homogenized representation of the CL at the layer scale with composition-dependent effective transport properties and volumetric current density determined from the microscopic model at the nanoscale.
The oxygen diffusive resistance from the channel to the CL and the ohmic resistance of the PEM and its interfaces are incorporated through integral mixed boundary conditions into the 1D cathode CL model. Further details of the implementation can be found in (Sánchez-Ramos et al., 2021). The formulations of the macroscopic and microscopic models are presented in the next two sections.
3 MACROSCOPIC MODEL (LAYER SCALE)
The macroscopic conservation equations of oxygen, protons and electrons across the CL thickness (y-coordinate) are given by 
[image: image]
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where [image: image], [image: image] and [image: image] are the effective oxygen diffusivity, ionic conductivity and electronic conductivity in the bulk CL, respectively, and jc is the volumetric current density (the negative sign accounts for consumption, i.e., jc > 0).
3.1 Boundary conditions
Equations (8a)–(8c) are supplemented with the following boundary conditions at the CL/MPL (y = δcl) and CL/PEM (y = 0) interfaces (see Figure 5).
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where Vcell is the operating cell voltage, [image: image] is the inlet oxygen concentration at the MPL/CL interface, and Δϕp is the ionic potential drop across the PEM (and its interfaces). The last two quantities are related with the output current density, Iavg, through the following expressions.
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where [image: image] is the oxygen transport resistance from the channel to the MPL/CL interface, ASRpem is the area-specific ionic resistance of the PEM, and [image: image] is the channel oxygen concentration. The output current density is given by
[image: image]
According to the ideal gas law, the oxygen concentration in the air feed channel depends on the inlet cathode pressure, [image: image], and relative humidity, RHc, as
[image: image]
3.2 Constitutive equations of the porous medium
Considering the representative geometry shown in Figure 5, the porosity of the secondary pore space, ɛ, the ionomer volume fraction, ɛi, the volume fraction of electron-conductive solid and Pt, ɛc+Pt, and the porosity of the primary pore space, ɛprim, are equal to.
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where the ionomer radius ratio is equal to [image: image]. It can be verified that ɛ + ɛi + ɛc+Pt + ɛprim = 1.
The characteristic half-size of the secondary pore space, Rv, and the spacing between nanopores in the electron-conductive shell, lp, are given by.
[image: image]
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Ideally, all nanopores are accessible and lined with active Pt. Hence, the roughness factor, rf, and the catalyst specific surface area, aPt, are equal to.
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where Np is the number of pores in a conductive shell. For a prescribed nanoporosity, Np is given by
[image: image]
The CL thickness, δcl, is determined by the Pt loading, LPt, i.e.,
[image: image]
Here, ρPt = 21,450 kg m−3 is the density of Pt. Note that the [image: image] is directly related to the thinness of the Pt skin. For a Pt atomic layer, δPt ≈ 0.2 nm, we yield [image: image] (Xie et al., 2014). The roughness factor is fixed for a given Pt loading and thickness of Pt skin.
3.3 Effective transport properties
The expressions of the bulk effective transport properties at the layer scale are presented below.
3.3.1 Effective oxygen diffusivity
The effective oxygen diffusivity is decomposed into a dry component due to the obstruction of the dry CL microstructure and the Knudsen effect, f(ɛ, Rv), and the relative effective diffusivity due to the relative blockage of water saturation, g(savg) (Sánchez-Ramos et al., 2021; García-Salaberri et al., 2015b,a; García-Salaberri, 2021)
[image: image]
where [image: image] is the molecular diffusivity of oxygen in air (Ye and Van Nguyen, 2007)
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with T expressed in K and pg,c in Pa.
For a tortuosity factor τ ≈ 1, the normalized dry effective diffusivity is equal to
[image: image]
where [image: image] is the Knudsen diffusivity given by Eq. 3 with R = Rv and i = O2.
According to the data collected in Sánchez-Ramos et al. (2021), g(savg) in conventional CLs can be modeled as a power law of the form
[image: image]
This expression was considered a reasonable first approximation to evaluate g(savg) in this work.
3.3.2 Effective proton conductivity
Proton conduction through hydrated ionomer pillars also features a tortuosity factor τ ≈ 1. Hence, we have that
[image: image]
where σp is the bulk proton conductivity in ionomer. The value of σp in finite-sized ionomer domains depends on the size of the conductive medium and the confined morphology of protogenic groups (thin film vs. nanofiber). 2D thin ionomer films in conventional CLs show a lower conductivity than bulk PEMs (2-10 times lower) due to the more difficult percolation of protons through finite thickness domains (Siroma et al., 2009; Paul et al., 2014; Gostick and Weber, 2015; Chen et al., 2019), increasing with the film thickness–the bulk value of PEMs is reached when the film thickness is significantly larger than the size of protogenic nanodomains (around 10 nm) (Gomaa et al., 2022). However, ionomer nanofibers show an opposite behavior, reaching a higher ionic conductivity for small fiber diameters compared with bulk PEMs (up to 10 times higher) and a similar ionic conductivity to that of PEMs for significantly high fiber diameters (Pan et al., 2008; Sun et al., 2019). This opposite behavior can be explained by the preferential alignment of protogenic nanodomains along nanofibers, which act as highways for proton conduction (Pan et al., 2008). Thin films and nanofibers reach a value comparable to that of bulk PEMs for thicknesses and diameters around 50–100 nm, which is similar to the mean diameter of ionomer pillars considered here. Therefore, the bulk proton conductivity at fully humidified conditions was assumed equal to that of Nafion PEMs as a first approximation (Kusoglu and Weber, 2017)
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3.3.3 Effective electrical conductivity
The effective electrical conductivity in the electron-conductive shell with a hexagonal packing of nanopores, [image: image], is modeled by the low-order analytical solution of Perrins et al. (Perrins et al., 1979)
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where σe is the bulk electrical conductivity of the electron-conductive material. Here, the electrical conductivity of graphite was taken as a representative value, σe ∼ 106 S m−1. A material with a high stiffness would also be necessary to provide mechanical integrity to the proposed core-shell microstructure for its fabrication.
At the layer scale, [image: image] is corrected by the volume fraction of the conductive shell, ɛsh, to account for the reduced area available for transport
[image: image]
4 MICROSCOPIC MODEL (NANOPORE SCALE)
Oxygen and proton transport along a nanopore (local x-coordinate) is governed by a reaction-diffusion equation with a surface reactive term. Mass and charge balances in a pore segment of length dx and radius Rp yield.
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The resulting differential conservation equations for the nanoscale oxygen concentration, CO2,p, and the ionic potential, ϕp,p, are
[image: image]
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where Ip(x) is the current density generated in a single nanopore per unit of active surface area (i.e., internal nanopore surface). Ip(x) is described by Tafel kinetics (Sánchez-Monreal et al., 2018)
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Here, [image: image] is the exchange current density, γ = 0.7 the reaction order, αc = 0.5 the symmetry coefficient, [image: image] the reference oxygen concentration, and ηc the cathode overpotential. io,c was set somewhat higher than the mean value reported in (Sánchez-Ramos et al., 2021) ([image: image] vs. [image: image] at T = 80°C) due to improved catalyst activity in ultra-thin Pt skins not covered by ionomer (δPt ≲ 1 nm) (Debe, 2012; Xie et al., 2014; Yarlagadda et al., 2018). The cathode overpotential (ηc ≤ 0) is defined as
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where ϕe(y) is the local electronic potential across the thickness (provided by the layer-scale model) and Er ≈ 1.2 V is the reversible cell voltage (Sánchez-Ramos et al., 2021).
The effective oxygen diffusivity, [image: image], and the effective ionic conductivity, [image: image], in a water-filled nanopore are equal to
[image: image]
where DO2,w and σp,w are the diffusivity coefficient of oxygen and the proton conductivity in liquid water, respectively. DO2,w can be extracted from values measured in bulk water (Han and Bartels, 1996; Muzaffar et al., 2018), while σp,w has been determined experimentally and numerically for pH values commonly found in operating PEMFCs (see (Zenyuk and Litster, 2014; Liu and Zenyuk, 2018) and references therein)
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Comparatively, DO2,w is between one to three orders of magnitude higher than the oxygen diffusivity in ionomer films and PEMs (Kusoglu and Weber, 2017; Sánchez-Ramos et al., 2021), while σp,w is one order of magnitude lower than the proton conductivity through thin films in conventional CLs (Sabarirajan et al., 2020). This favorable situation was previously exploited in NSTFC electrodes with a relatively good performance (Debe et al., 2011; Debe, 2012).
At each y-coordinate, the surface current density drawn from one nanopore is equal to
[image: image]
The relationship between the nanoscale surface current density, [image: image], and the local volumetric current density at the layer scale, jc(y), is given by the active specific surface area (see Eq. 15b)
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4.1 Boundary conditions
The boundary conditions at the nanopore inlet (x = Lp) and at the nanopore/ionomer interface (x = 0) are rather similar to those used at the layer scale due to the analogy between the arrangement of a nanopore inside the idealized bi-functional CL and a CL in a MEA
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where the dissolved oxygen concentration in liquid water at the nanopore inlet is given by Henry’s law (Blunier et al., 2013) (rather than a Langmuir adsorption model as found for ionomers (Shen et al., 2017; Cheng et al., 2022))
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The entry resistances at the nanopore edges, [image: image] and [image: image], can be expressed as Newman (1966)
[image: image]
leading to robin boundary conditions.
5 CASE STUDIES
The three case studies examined are schematized in Figure 6A: 1) baseline case devoted to the geometrical optimization of the CL microstructure (see optimization flow chart in Figure 6B) considering state-of-the-art channel-CL oxygen transport and area-specific ohmic resistances, [image: image] and ASRpem = 0.02 cm2 S−1, respectively (see, e.g. (Owejan et al., 2013, 2014; Ureña et al., 2021; Gomaa et al., 2022)); 2) an analysis of the exterior mass and proton transport resistances, [image: image] and ASRpem, where the baseline values are reduced to [image: image] and ASRpem = 0.01–0.002 cm2 S−1 (x0.5 and x0.1); 3) an analysis of the catalyst activity, i.e., the exchange current density, io,c, where the baseline value [image: image] is increased up to [image: image].
[image: Figure 6]FIGURE 6 | (A) Diagram of the case studies examined. The analysis of the baseline case with the geometrical optimization of the bi-functionalized cathode CL microstructure is presented in Section 6.1, the effect of the external oxygen and proton transport resistances, [image: image] and ASRpem, is presented in Section 6.2, and the effect of the catalyst activity, io,c, is presented in Section 6.3. (B) Flow chart of the optimization process to determine the optimal bi-functionalized cathode CL. Fixed and derived variables are indicated by boxes with black border and variables that were examined parametrically are indicated by boxes with red border. Constrained variables are marked with an asterisk.
The parameters that were kept constant and examined parametrically for the geometrical optimization (presented in Section 6.1) are listed in Table 1. The nanopore radius was fixed to Rp = 2.5 nm to ensure the presence of water in tiny nanopores and the average saturation in the secondary pore space was fixed to savg = 0.4, as previously discussed in Section 2.1. The cell voltage was set to Vcell = 0.5 V, close to maximum power density (see footnote in Table 1 for other operating conditions). The Pt loading was varied in the range LPt = 0.001–0.4 mgPt cm−2, which includes the loading needed to meet the ultimate target of a total PGM content below 0.1 mgPt cm−2 (LPt ∼ 10–2 mgPt cm−2). For a given Pt loading, the CL microstructure is defined by five primary variables: ɛp, δPt, Lp, L and [image: image]. The nanoporosity of the shell was kept as high as possible, ɛp = 0.9, below the percolation threshold given by [image: image], the thickness of the Pt skin was set to δPt = 0.2 nm to maximize the ECSA and the nanopore length was fixed to Lp = 10 nm to minimize the transport length in nanopores, while providing certain mechanical integrity. The ionomer radius ratio was varied between [image: image] and the spacing between pillars between L = Lmin − 5000 nm, where Lmin is the minimum spacing allowed to ensure a minimum half-size and porosity of the secondary pore space (see below). The remaining variables (ɛ, ɛi, ɛc+Pt, Rv, rf, aPt and δcl) can be derived from the constitutive equations of the porous medium presented in Section 3.2. The volume fractions (ɛ, ɛi, ɛc+Pt) can be determined from Eqs. (13a)–(13c), the half-size of the secondary pore space (Rv) from Eq. 14a, the roughness factor and the specific surface area (rf, aPt) from Eqs. (15a)–(15b), and the CL thickness from Eq. 17. In addition, three geometrical constraints were imposed on the above variables: (1-2) ɛ ≥ 0.15 and Rv ≥ 0 to avoid an exceedingly low bulk oxygen effective diffusivity, and 3) δcl ≥ 1.5 μm to ensure a minimum mechanical integrity of the porous layer and avoid edge effects, such as capillary condensation at sharp angles (Mashio et al., 2014). The lower threshold used here for the thickness is similar to that considered in previous works with conventional CLs (Sun et al., 2020). The lowest pillar spacing imposed by constraints 1-2, [image: image] and [image: image], can be determined from Eq. 13a, Eq. 14a, leading to
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TABLE 1 | Model parameters. The baseline case corresponds to [image: image], ASRpem = 0.02 cm2 S−1 and [image: image]. The constrained variables are indicated with an asterisk and the operating conditions are included in the footnote.
[image: Table 1]Therefore, the smallest pillar spacing allowed is equal to [image: image].
6 DISCUSSION OF RESULTS
6.1 Baseline case (geometrical optimization)
The calculation of the optimal pillar spacing and ionomer radius ratio, L and [image: image], was accomplished using physical considerations rather than a purely mathematical approach. Eqs. (27a)–(27b) are governed by two dimensionless parameters, which arise from the ratios of the characteristic times of oxygen and proton transport and the characteristic reaction time at both the nanoscale ([image: image], [image: image]) and the layer scale ([image: image], [image: image]) (Sánchez-Ramos et al., 2022). An alternative interpretation can be considered as the ratios of the diffusion/conduction penetration depths and the characteristic length at a certain scale (Perry et al., 1998; Kulikovsky, 2010). For a roughness factor in the range rf ∼ 1–100 and a representative average current density needed for high performance, Iavg ∼ 2 A cm−2, we yield the following estimations.
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where the oxygen transport resistances at the layer scale and the nanoscale (under passive non-reactive conditions) are equal to [image: image] and [image: image], respectively, and the proton transport resistances at the layer scale and the nanoscale are equal to [image: image] and [image: image], respectively. (Note that the apparent bulk diffusive resistance under reactive conditions is proportional to that under passive conditions (see, e.g. (Schuler et al., 2019)), so the optimization problem at the layer scale can be reduced to minimizing [image: image] if other losses are not significant). The characteristic oxygen concentration drops were estimated as [image: image] and [image: image], and the characteristic ionic potential drop as Er. The dimensionless transport coefficients at the nanoscale depend on rf because of the re-normalization between the cell current density and the current density per unit of active area, i.e., [image: image].
The most limiting transport process is oxygen transport at the nanoscale mainly due to the larger oxygen resistance at the nanoscale (compared with that of the bulk CL) and the dissolution of oxygen in liquid water to reach triple phase points unlike proton conduction. Ohmic losses at the layer scale can be lower or comparable to those found in water-filled nanopores depending on the value of the normalized ionic conductivity across the CL ([image: image] in our case and dependent on bottlenecks created by thin films in conventional CLs (Sabarirajan et al., 2020)). For rf ≈ 1, regardless of Iavg, we yield
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The maximum power density is achieved when all the dimensionless times (or penetration depths), Ωi, are minimized (maximized), so that oxygen and proton transport are fast enough to maintain the reaction rate at the targeted current density, Iavg, with a low cathode overpotential. According to Eqs. (38a)–(38d), this condition is achieved when transport resistances, Ri, are minimized at all scales. The other option is to increase the oxygen concentration at the CL/MPL interface, something that can be done through a reduction of the exterior mass transport resistance to the cathode CL, [image: image]. Increasing Henry’s constant of oxygen in liquid water is difficult, even though it is worth noting that the oxygen diffusivity in liquid water can be slightly increased using oxygen diffusion-enhancing compounds (usually used in medicine for the treatment of diseases, such as hypoxia and ischemia) (Stennett et al., 2006).
Figure 7A shows the variation of the bulk oxygen transport resistance, [image: image], as a function of L for various Pt loadings [image: image]. For a given Pt loading, there is a critical L for which [image: image] is minimized due to a trade-off between the increasing secondary pore size (lower [image: image]) and the increasing thickness (higher [image: image]) with L (see Eq.14a and (17)). The optimal spacing is approximately reached when δcl is minimum, [image: image]; Π = 1.2 was taken here. The nearly minimum thickness also minimizes the bulk proton transport resistance, [image: image]. Hence, the optimal design spacing, [image: image], can be determined from the condition
[image: image]
And the solid volume fraction, ɛc+Pt, can then be calculated from
[image: image]
[image: Figure 7]FIGURE 7 | (A) Variation of the bulk O2 transport resistance of the bi-functionalized bimodal cathode CL, [image: image], with the pillar spacing, L, corresponding to various Pt loadings, LPt = 0.005, 0.01, 0.025, 0.05, 0.075, 0.1, 0.2, 0.3 mgPt cm−2, and [image: image]. The figure also includes the O2 transport resistance in optimized water-filled nanopores, [image: image] s cm−1, the channel-CL O2 transport resistance of state-of-the-art PEMFCs (Owejan et al., 2013, 2014; Sun et al., 2020), [image: image] s cm−1, and the local O2 transport resistance reported for non-optimized conventional CLs with ionomer thin films covering Pt nanoparticles at rf ≈ 1 (Sánchez-Ramos et al., 2021), [image: image] s cm−1 [image: image] (water). The design spacing is selected for [image: image] (Π = 1.2), close to the optimal point of minimum bulk and local transport resistances. (B) Variation of the design spacing, Ldes, and the design volume fraction of electron-conductive material + Pt, ɛc+Pt, Pt loading, LPt, corresponding to [image: image]. The Knudsen limit for which species diffusion is not significantly reduced is around 1000 nm.
As shown in Figure 7B, Ldes increases with decreasing Pt loading, given that a smaller amount of Pt can be allocated in the same thickness but with larger secondary pores (where most of the pore space is present). This method of reducing LPt is theoretically optimal (compared with the addition of bare carbon to maintain a constant thickness), since it decreases [image: image] (lower Knudsen effect). The design spacing increases from around Rv ≈ 40 nm at LPt = 0.3 mgPt cm−2 (typical value found in CLs with the same loading (Wilson and Gottesfeld, 1992)) to Rv ∼ 1000 nm for exceedingly small Pt loadings, LPt → 10–3 mgPt cm−2. As a result, [image: image] is reduced by an order of magnitude from [image: image] (similar to the resistance in water-filled nanopores, [image: image]) down to [image: image]) when the Pt loading is varied in the range LPt = 0.3–10−3 mgPt cm−2. [image: image] and [image: image] are around 2-3 orders of magnitude lower than the channel-CL and local oxygen resistances, [image: image] and [image: image], in conventional PEFCs with non-optimized CLs (Sánchez-Ramos et al., 2021). The volume fraction of electron-conductive material + Pt of the shell is small, growing from [image: image] at LPt = 0.005 mgPt cm−2 up to [image: image] at LPt ≈ 0.3 mgPt cm−2. The increase of [image: image] with LPt goes hand in hand with the increase of Ldes since the thickness of the shell is fixed to Lp ≪ Ldes. The above results suggest that there is room to improve performance by optimizing CLs together with a reduction of oxygen transport resistance in passive porous layers of the MEA, flow field and stack flow distributor.
The optimal [image: image], which arises from a trade-off between ionomer and void volume fractions (ɛi vs. ɛ), is to be determined from numerical simulations. Figure 8A shows the power density, P, computed for the baseline case as a function of the ionomer volume fraction, ɛi = 0.05–0.8, and various Pt loadings, LPt = 0.005–0.3 mgPt cm−2. P slightly varies with ɛi except for exceedingly small ionomer volume fractions when the area available for proton transport is strongly reduced, i.e., [image: image] is significantly decreased. A similar effect to that found in thin ionomer films. In a little more detail, it can be seen that the optimal ionomer volume fraction shifts to higher values as LPt is increased. This is explained by the larger secondary pore sizes reached with decreasing LPt, so the optimal design point is reached at a lower secondary porosity, ɛ. Nevertheless, the variations above ɛi ≥ 0.2 are almost negligible, so the design point was fixed to [image: image] (ɛi ≈ 0.3) for subsequent analyses.
[image: Figure 8]FIGURE 8 | (A) Variation of the geometric power density, P, with the ionomer volume fraction, ɛi, at the design point of minimum transport resistance corresponding to several Pt loadings, LPt = 0.005 − 0.3 mgPt cm−2. The power density is reduced when ɛi is small because of the drop of [image: image] (bottleneck effect caused by too thin ionomer pillars). The computed optimal ionomer volume fractions are highlighted by big solid dots. (B) Variation of the Pt mass-specific power density and geometric power density (Vcell = 0.5 V), PPt and P, respectively, with the roughness factor, rf, at the optimal CL design point. The corresponding Pt loading is shown on the top axis, LPt = rfδPtρPt; δPt = 0.2 nm. The DOE power density target at rated power (1 W cm−2 @ 0.76 V, T = 80°C) has been extrapolated to the examined voltage (1.5 W cm−2 @ 0.5 V) (DOE, 2015).
Figure 8B shows the variation of the Pt-specific and geometric power densities, PPt and P, with the roughness factor, rf, at the optimal design point [image: image]. The Pt loading corresponding to rf in the optimized CL is indicated on the top axis [image: image]. The Pt-specific power density increases abruptly with decreasing LPt because of the steep P–rf relationship prevailing at low Pt loading. Although the limit p = 0 at LPt = 0 is inevitable (no reaction, no operation), the current density sharply increases when rf > 0 if there are no huge transport resistances and/or the ECSA is too small. The increase of P with rf flattens for high roughness factors (rf ≳ 100) due to the effect of mass and ohmic resistances of the cathode CL and exterior components. Note that the limiting current density would be mainly controlled by [image: image] if interior mass transport resistances in the CL are negligible and the roughness factor is extremely high (rf → ∞). Maximizing the performance in the range LPt ≈ 0.01–0.1 mgPt cm−2 to meet the ultimate DOE targets may require an integral optimization of oxygen transport resistances (see Section 6.2 below). In terms of the cathode CL, increasing the fraction of water-based triple phase points provides a viable route to reach Pt-specific power densities between [image: image] and surpass the DOE target of [image: image], as recently demonstrated by The General Motors Company (Yarlagadda et al., 2018).
6.2 Effect of external transport resistances
The effect of the exterior ohmic and mass transport resistances, ASRpem and [image: image], on the geometrical power density at the optimal design point is examined in Figures 9A,B, respectively. Improvement of P at low LPt by a direct reduction of ohmic losses is not feasible, since thin PEMs currently used in PEMFCs (e.g., reinforced Nafion) with small thickness (δpem ∼ 10–30 μm) and high ionic conductivity (σpem ≈ 10–20 S m−1 at RH = 1) have already been highly optimized and represent a rather small fraction of voltage losses, ΔVohm ≈ 0.02 V (Iavg ≈ 2 A cm−2) ≪ Er ≈ 1.2 V. Moreover, thin PEMs can suffer from insufficient durability (e.g., ultra-thin GORE-SELECT PEMs (Kienitz et al., 2011)). As shown in Figure 9B, the power density is not significantly increased even when ASRpem is decreased by an order of magnitude down to 0.002 cm2 S−1, which is comparable to the resistance of an ultra-thin PEM 1 μm thick without significant interfacial resistances. Nevertheless, a reduction of the PEM thickness can be useful to enhance water back diffusion to the anode and improve performance at low RH (Zhu et al., 2006; Steinbach et al., 2010). For instance, a thin reinforced PEM (δpem ≈ 10 μm) was incorporated in the Toyota Mirai in 2015, presumably to help alleviating cathode flooding at middle-to-high current density and making operation possible without external humidification (Yoshida and Kojima, 2015; Borup et al., 2018). By way of contrast, the impact of the channel-CL oxygen transport resistance is significantly larger, being crucial to reduce it to enhance performance at low LPt. A comparison of the external transport resistances against the layer-scale and nanoscale transport resistances in the CL leads to
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[image: Figure 9]FIGURE 9 | Variation of the geometric power density (Vcell = 0.5 V), P, with the roughness factor, rf, at the optimal design point, corresponding to: (A) three area-specific ohmic resistances, ASRpem = 0.02 (baseline case), 0.01, 0.002 cm2 S−1, and (B) three channel-CL oxygen transport resistances, [image: image] (baseline case),0.5,0.1 s cm−1. See caption to Figure 8 for further details.
From the above calculations, it turns out that the exterior and nanoscale oxygen transport resistances, [image: image] and [image: image], are the most important ones. The bulk oxygen transport resistance of the CL, [image: image], can be more easily optimized to make its contribution negligible provided that there are no flooding-related issues (see Figure 7) (Conde et al., 2019; Talukdar et al., 2019). The contribution of [image: image] dominates the performance of the optimized CL when rf ≳ 10 ([image: image] cannot be neglected at rf ∼ 1–10). The effect of ohmic losses in the CL is comparable to that of ASRpem and can be neglected to optimize the performance at low LPt under normal conditions, as commented before.
Power densities above 1.5 W cm−2 are predicted with air feed at low Pt loading with a ten-fold reduction of the external oxygen resistance from [image: image] to [image: image]. Decreasing [image: image] by one order of magnitude may require a highly optimized design of the cathode MEA/flow field/stack architecture. An example is the highly engineered 3D porous cathode flow field and thin GDLs (δgdl ≈ 150 μm) incorporated in the Toyota Mirai to boost the performance of previously developed designs up to 3–4 A cm−2 (LPt ≈ 0.3 mgPt cm−2) (Yoshida and Kojima, 2015). Water management at the cathode was also probably helped by the thin PEM and reduced humidification. The optimized component-architecture-operation design of the Toyota Mirai provides a good basis for subsequent reductions of the Pt loading via CL optimization. However, the fabrication of flow fields and stacks with complex 3D geometries using conventional methods is not desirable for large production. Work is still needed to develop alternative strategies for decreasing [image: image] at high current density using standard procedures, e.g., porous flow fields, flow fields with narrower channels and/or GDL-MPLs with tailored thickness and wettability (Jiao et al., 2021), or advanced manufacturing techniques, such as multiscale 3D printing of metal powders (e.g., Ti, stainless steel and Ni (Yi et al., 2012; Choi et al., 2014; Ercelik et al., 2022)) and alternative raw material powders (3D printing can also help in reducing electrical contact resistances and inhomogeneous assembly compression (García-Salaberri et al., 2011, 2018, 2019; García-Salaberri P. A. et al., 2017; Hack et al., 2020)). In particular, decreasing the thickness of GDLs and flow fields by integrating them into a single component can enable the production of more compact stacks, reducing weight and increasing volumetric current density, as recently demonstrated by Korean researchers (Park et al., 2019). Another option to improve cathode performance would be to use a more efficient compressor to increase the cathode pressure, while avoiding a reduction of the system efficiency (Sery and Leduc, 2022).
6.3 Effect of catalyst activity (exchange current density)
The last option to improve performance within DOE targets is catalyst modification by: 1) increasing the mass activity with the same amount of precious metals, and 2) maintaining the mass activity with a reduced amount of precious metals (or a combination of both). According to Tafel equation, for a given roughness factor and overpotential, a catalyst with a higher exchange current density can potentially increase the current density in the same proportion (if transport losses are small)
[image: image]
Figure 10 shows the variation of P with rf for three different exchange current densities, [image: image], corresponding to high and low external oxygen transport resistances, 1) [image: image] and 2) [image: image]. According to Eq. 42, increasing io,c is useful to boost performance at middle-to-high current density when oxygen transport to the cathode CL is facilitated. In this case, the combination of a high average oxygen concentration and a high exchange current density can significantly raise the power density to around 2 W cm−2 at low LPt. The performance improvement in practice will largely depend on the increase of io,c that can be achieved and the ability to keep [image: image] small at high water production rates (special attention is to be devoted to efficient water removal in vapor form with increasing heat generation). In contrast, when oxygen transport to the CL is hindered, the beneficial effect of increasing io,c is strongly reduced since operation at high performance is no longer possible due to oxygen starvation. As shown in Figure 11A, the limiting current density remains the same regardless of the exchange current density for [image: image], while no limiting current density is present in the voltage range examined for [image: image]. The average oxygen concentration in the cathode CL, [image: image], closely follows the linear relationship given by [image: image] due to the reduced effect of other transport resistances in the optimized CL design (see Figure 11B).
[image: Figure 10]FIGURE 10 | Variation of the geometric power density (Vcell = 0.5 V), P, with the roughness factor, rf, at the optimized design point for three exchange current densities, io,c=0.5,1,5 A m[image: image], corresponding to: (A) state-of-the-art channel-CL oxygen transport resistance, [image: image] s cm−1, and (B) optimized channel-CL oxygen transport resistance, [image: image] s cm−1. See caption to Figure 8 for further details.
[image: Figure 11]FIGURE 11 | (A) Polarization curve, Vcell − Iavg, and (B) variation of the average oxygen concentration in the CL, [image: image], with the average current density, Iavg, at rf ∼ 100 (LPt = 0.05 mgPt cm−2). The results for three exchange current densities, io,c=0.5,1,5 A m[image: image], corresponding to both high and low channel-CL oxygen resistances, [image: image] s cm−1 and [image: image] s cm−1, are included.
As a final remark, it is relevant to examine the limit to which LPt might be reduced to ensure a certain minimum performance. The frontier is largely controlled by rf. As shown in Figure 10B, the power density with a highly optimized PEMFC (i.e., CL based on water-filled triple phase points, [image: image], × 10io,c with respect to the state of the art and negligible losses at the anode) dramatically drops when rf ≲ 10, being impossible to meet DOE targets when rf ≲ 1 (similar electrochemical and geometrical areas). The positive effect of increasing io,c and [image: image] is dramatically reduced when rf ≲ 1 because [image: image] becomes too small even if all transport resistances are minimized. Considering the Tafel equation again, the maximum possible current density at a given overpotential is equal to
[image: image]
where [image: image] is the oxygen concentration at the entrance of nanopores. For ηc ≈ − (0.5–0.4) V (Vcell ≈ 0.5 V), we yield [image: image] at rf ∼ 1. Interestingly, the region where operation at high performance is hardly complicated is adjacent to the ultimate DOE target corresponding to the idealized high ECSA cathode CL examined here (weak LPt–rf relationship). This result highlights the importance of maximizing the ECSA and facilitating oxygen transport toward the cathode CL, while keeping rf ≳ 10 using highly active Pt-alloys with a reduced Pt content if needed.
7 CONCLUSION
The performance and durability of proton exchange fuel cells (PEFCs) is largely linked to an optimal design of the cathode catalyst layer (CL), especially if a reduction of the Pt loading (LPt ∼ 10–2 mgPt cm−2) is desired to meet industrial requirements in terms of design and cost (e.g., ultimate targets set by the U.S. Department of Energy to make PEFC technology competitive). Based on the analysis conducted in this work, good practices to enhance the performance and enlarge the durability of the cathode CL at low Pt loading are as follows:
1) To increase the electrochemical surface area, ECSA, as much as possible to decrease the Pt loading needed to achieve a specified roughness factor, rf. Reaching high performance (say, beyond P ≈ 1.5 W cm−2) at low Pt loading with rf ≲ 10 can be difficult due to the sluggishness of the oxygen reduction reaction (ORR). An increase of the catalyst active area up to [image: image] (e.g., through a combination of small Pt nanoparticles or atomic skins and highly accessible nanoporous structures) can allow a reduction of the Pt loading down to 0.05 mgPt cm−2 (rf ∼ 100) and 0.005 mgPt cm−2 (rf ∼ 10). The decrease of rf at low Pt loading can additionally be alleviated using active Pt-alloys (e.g., PtCo) if a further increase in ECSA is not feasible.
2) To increase the percentage of triple phase points based on water-filled nanopores with no entry mass transport losses caused by (thin) ionomer films. Modification of nanoporous supports with short transport lengths [image: image] can be a viable route to increase the Pt-specific power density above [image: image]. Optimized CLs with bi-functionalized microstructures (i.e., with a (precise) separation of mass and proton transport domains) and bimodal pore size distributions (i.e., with tailored primary nanopores to promote water adsorption and capillary condensation, and secondary pores to facilitate water removal) is crucial. If a high degree of bi-functionalization of the CL is not possible, the development of ionomers with tailored mass and ionic transport resistances can be useful. Novel ionomers can reduce entry mass transport resistances at the nanoscale, while allowing good proton conduction at the layer scale.
3) To reduce the oxygen transport resistance from the channel to the CL (i.e., from the stack inlet(s) to the CL), [image: image], especially at high current density. Optimization of the oxygen transport resistance in other components, such as the stack flow distributor, flow field, gas diffusion layer and microporous layer, can be necessary to reach power densities above P = 1.5 W cm−2 at low Pt loading. Although solving the problem of the local oxygen transport resistance of ionomer in conventional cathode CLs is mandatory ([image: image] at rf ≈ 10–1), the performance can be limited by exterior oxygen transport resistances once [image: image] is significantly decreased or even removed using bi-functionalized bimodal microstructures (RO2,p ≈ 0.02 s cm−1). A ten-fold decrease of the exterior oxygen transport resistance from [image: image] (conventional value) down to [image: image] (highly optimized cathode flow distributor) can allow power densities around P ≈ 2 W cm−2 at LPt ≈ 0.05 mgPt cm−2. Ohmic losses play a secondary role to enhance performance at low Pt loading, but thin membranes can be used to promote back diffusion and improve water management.
4) Increasing the catalyst mass activity (exchange current density, io,c) can allow an improvement of the power density if other transport losses do not limit the cell performance. Increasing io,c (×10) in combination with a reduction of [image: image] (×0.1) and CL optimization can raise the power density up to P ≈ 2–3 W cm−2 at low Pt loading, even though this will require an optimized water management strategy to keep [image: image] small. Increasing io,c without reducing [image: image] can significantly limit the performance gain.
5) Durability during dynamic operation can be increased if corrosion of the carbon support is avoided at the cathode. Polymer and metallic (e.g., TiO2) supports show a longer durability than carbon-based supports (e.g., carbon black, graphite or carbon nanotubes). However, an economic analysis is needed to quantify if a change of the support to more expensive materials (e.g., TiO2) is cost-effective.
Although commercialization of PEMFCs is underway for some applications, such as heavy-duty vehicles, trains, electric bicycles, etc., several aspects warrant future work to be addressed by a combination of experimental and numerical work. Research is expected to continue toward increasing performance and durability at low Pt loading, mainly for two reasons: 1) to examine the technology limits that could provide a more affordable and extended use in general purpose applications, and 2) to leverage the development of cheap, durable, high-performance PEMFCs for light-duty vehicles that can make the technology more competitive in the automotive sector. As exemplified in this work, research topics to be analyzed in more detail include: 1) reduction of Pt loading via optimization of the multiscale microstructure of CLs, 2) water management with a focus on CL design and interaction with other layers, 3) reduction of oxygen transport resistance in MEAs and stacks, 4) increasing durability of carbon-based supports through a reduction of carbon corrosion, and 5) simplification of balance of plant. An effort is to be made toward integrated, multidisciplinary work, since most of these topics are coupled with each other. This probably explains why most significant recent developments in PEMFC technology were accomplished by companies, while research in the field seems to be a scattered combination of chemical, electrical, electrochemical and mechanical engineering, among other disciplines. Modeling is an essential transversal tool for understanding and optimization.
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NOMENCLATURE
APt Active Pt surface area/m2
Ageo ell geometric surface area/m2
ASR area-specific ohmic resistance/m2 S−1
a active specific surface area/m−1
alv liquid-vapor specific surface area/m−1
CO_{2} oxygen concentration/mol m−3
DO_{2} oxygen diffusivity in air/m2 s−1
Er reversible cell voltage/V
ECSA electrochemical surface area/m2 kg−1
F Faraday’s constant/C mol−1
f normalized diffusivity/–
g relative diffusivity/–
h specific enthalpy/J mol−1
I surface current density/A m−2
I/C ionomer-to-carbon weight ratio/–
io,c exchange current density of oxygen reduction reaction/[image: image]
j volumetric current density/A m−3
K permeability/m2
k thermal conductivity/W m−1 K−1
kH dimensionless Henry’s constant/–
L pillar spacing/m
LPt Pt loading/kgPt m−2
lp nanopore spacing/m
Mi molecular mass of species i/kg mol−1
NO_{2} oxygen molar flux/mol m−2 s−1
Np number of nanopores per ionomer pillar/–
P (geometric) power density/W m−2
PPt Pt-specific power density/[image: image]
p pressure/Pa
[image: image] normalized pressure/–
[image: image] heat flux/W m−2
R radius/m
RO_{2} oxygen transport resistance/s m−1
RPt radius of Pt nanoparticle/m
R nanopore radius/m
Rv secondary pore radius/m
Ro universal gas constant/J mol−1 K−1
[image: image] ionomer radius ratio/–
RH relative humidity/–
rf roughness factor/–
s water saturation/–
T temperature/K
t time/s
Vm molar volume/m3 mol−1
Vcell cell voltage/V
vc characteristic velocity/m s−1
x local coordinate through the nanoporous shell/m
y through-plane coordinate across the CL thickness/m
Greek letters
αc transfer coefficient of oxygen reduction reaction/–
β dimensionless net transport coefficient of water from anode to cathode/–
Γ dimensionless ratio of transport resistances/–
γ reaction order of oxygen reduction reaction/–
δ thickness/m
ɛ porosity or volume fraction/–
ηc cathode overpotential/V
θ contact angle/–
ν kinematic viscosity/m2 s−1
Π dimensionless factor related to the optimal design point/–
ρ density/kg m−3
σ conductivity/S m−1 or surface tension/N m−1
τ tortuosity factor/–
ϕ potential/V
Ω dimensionless ratio of characteristic times or penetration depths/–
Subscripts and superscripts
avg average
c cathode or capillary
ch channel
chcl channel-CL
cl catalyst layer
c + Pt electron-conductive material + Pt
d diffusion
des design
dry dry conditions
e electric
eff effective
flat flat surface
g gas
geo geometric
i ionomer
in inlet
knud Knudsen
l liquid
max maximum
min minimum
mol molecular
obs obstruction
ohm ohmic
opt optimum
p primary nanopore or proton
pc phase change
pem polymer electrolyte membrane
prim primary
sat saturation
sh shell
v viscous
w water
wet wet conditions
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 García-Salaberri, Sánchez-Ramos and Das. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/inline_27.gif





OPS/images/math_38a.gif
10 ()
e oy

“1(r~1) ccr! (imiting at low L) (38)






OPS/images/inline_28.gif





OPS/images/math_38b.gif
(38b)






OPS/images/math_37a.gif
G7)






OPS/images/inline_26.gif





OPS/images/math_37b.gif
(37b)





OPS/images/inline_30.gif
Do D! 1

0,.mol





OPS/images/math_39a.gif
~(1-10)x10x(1-10)~10-10°  (39)






OPS/images/inline_31.gif





OPS/images/math_39b.gif
ASR;.
—L(1-10)% (10" - 1)~10" =10 (39b)
ASRY






OPS/images/inline_29.gif
Do D! 1

0,.mol





OPS/images/math_38c.gif
L, ASRL,™
oty by ERy
10 (r~107) 102 (rl ) (380






OPS/images/inline_3.gif
!
re=Ap Ageq





OPS/images/math_38d.gif
~107-10 r, - independent (38d)





OPS/images/inline_34.gif





OPS/images/inline_32.gif





OPS/images/math_40a.gif





OPS/images/inline_33.gif





OPS/images/math_40b.gif





OPS/images/math_41a.gif
103 (1) -1 (i) (a1





OPS/images/inline_37.gif





OPS/images/math_41d.gif





OPS/images/inline_38.gif





OPS/images/math_42.gif
2

Pl Copne=cte ()

,
e

3





OPS/images/inline_35.gif





OPS/images/math_41b.gif
(41b)






OPS/images/inline_36.gif





OPS/images/math_41c.gif
1 G






OPS/images/inline_40.gif





OPS/images/math_4b.gif
(4b)






OPS/images/inline_41.gif





OPS/images/math_4c.gif
(40





OPS/images/inline_39.gif
ched
RS





OPS/images/math_43.gif
mmu,ﬂ‘(i  exp -
A c‘;") Qx,,[f ;Q;”'] @





OPS/images/inline_4.gif





OPS/images/math_4a.gif
(4a)





OPS/images/inline_42.gif





OPS/images/math_4d.gif
(4






OPS/images/inline_43.gif
ECSA = Ly, (8p.pp,) "





OPS/images/inline_171.gif
ched
RS





OPS/images/inline_170.gif
ched
RS





OPS/images/inline_173.gif





OPS/images/math_20.gif
Dbg;'
fln)={ 105





OPS/images/inline_172.gif





OPS/images/inline_17.gif





OPS/images/inline_169.gif
chd
RS





OPS/images/inline_175.gif





OPS/images/inline_174.gif





OPS/images/inline_177.gif





OPS/images/inline_176.gif





OPS/images/math_21.gif





OPS/images/math_22.gif
@)





OPS/images/crossmark.jpg
©

|





OPS/images/math_25.gif
@5)





OPS/images/math_26a.gif
Iy
o'





OPS/images/math_23.gif
10Sm™ (23)






OPS/images/math_24.gif
(@

0000076





OPS/images/math_27b.gif
(7b)






OPS/images/math_28.gif
aF
e (x)] 28






OPS/images/math_26b.gif
a9,
WTN)dx ~2nRydxl, (x)  (26b)





OPS/images/math_27a.gif
@7





OPS/images/inline_161.gif
ECSA~100 m’

<o !





OPS/images/inline_160.gif
Y8~ °~107* A cm





OPS/images/inline_163.gif
Pp,~10 kW g,/





OPS/images/inline_162.gif





OPS/images/inline_16.gif
Vinn,0 = My, o/ Pu,0





OPS/images/inline_168.gif
RG" =0.1scm™!





OPS/images/inline_165.gif





OPS/images/inline_164.gif
ched
RS





OPS/images/inline_167.gif
1scm






OPS/images/inline_166.gif





OPS/images/inline_178.gif





OPS/images/math_3.gif
o






OPS/images/inline_18.gif





OPS/images/math_30.gif
DG, =€,Dg i Oy =80, (30)





OPS/images/math_29.gif
e (X,

(29)





OPS/images/inline_20.gif
Hof e






OPS/images/math_33.gif





OPS/images/inline_21.gif
fO8 = &% (1 — 5V8)>”





OPS/images/math_34a.gif
Co,p = Inlet: Co, = C8,, () -, —20RG s
dCo,

lonomer: (342





OPS/images/inline_19.gif





OPS/images/math_31.gif





OPS/images/inline_2.gif





OPS/images/math_32.gif
32






OPS/images/inline_24.gif





OPS/images/math_36.gif
36






OPS/images/inline_25.gif
PH.0 = Pu,o/Ph,o





OPS/images/inline_22.gif
D% (T) = 2.98 x 107(T/333)'~





OPS/images/math_34b.gif
Tonomer: 4,y =6,0)+ 422 RY,
(34b)






OPS/images/inline_23.gif
oD





OPS/images/math_35.gif
T T en(s

6,000 = Ki0,Co, 00
G5





OPS/images/inline_151.gif





OPS/images/inline_150.gif





OPS/images/inline_153.gif
-





OPS/images/inline_152.gif





OPS/images/inline_159.gif
o~ k0, CS





OPS/images/inline_158.gif





OPS/images/inline_155.gif





OPS/images/inline_154.gif





OPS/images/inline_157.gif





OPS/images/inline_156.gif
x0.1RG





OPS/images/inline_141.gif





OPS/images/inline_143.gif
=0.01 scm






OPS/images/inline_142.gif
=1scm





OPS/images/inline_149.gif
-





OPS/images/inline_148.gif
chd
RS





OPS/images/inline_15.gif
at.tlat
Ph,0





OPS/images/inline_145.gif
=1scm





OPS/images/inline_144.gif
chd
RS





OPS/images/inline_147.gif





OPS/images/inline_146.gif
=0.01 scm






OPS/images/math_14a.gif





OPS/images/math_15b.gif





OPS/images/math_16.gif
NRIL,
R+ L) - R,






OPS/images/math_14b.gif
(hexagonal packing)  (14)





OPS/images/math_15a.gif
(150





OPS/images/math_19.gif
g =265x10%( 15 )’ (;T“s) s 9





OPS/images/math_2.gif
@





OPS/images/math_17.gif
a






OPS/images/math_18.gif
(s)






OPS/images/inline_133.gif





OPS/images/inline_132.gif
chd
RS





OPS/images/inline_139.gif
ched
RS





OPS/images/inline_138.gif
=0.1scm”






OPS/images/inline_140.gif
chd
RS





OPS/images/inline_14.gif
e
Pi0





OPS/images/inline_135.gif
chd
RS





OPS/images/inline_134.gif





OPS/images/inline_137.gif
RGS =1scm





OPS/images/inline_136.gif





OPS/images/inline_131.gif





OPS/images/inline_123.gif





OPS/images/inline_129.gif





OPS/images/cover.jpg
On the optimal cathode
catalyst layer for polymer
electrolyte fuel cells: Bimodal
pore size distributions with
functionalized microstructures





OPS/images/inline_128.gif





OPS/images/inline_130.gif
ched
RS





OPS/images/inline_13.gif
chd
RS





OPS/images/inline_125.gif





OPS/images/inline_124.gif





OPS/images/inline_127.gif
ched
RS





OPS/images/inline_126.gif





OPS/images/inline_122.gif





OPS/images/inline_121.gif





OPS/images/inline_119.gif





OPS/images/inline_118.gif





OPS/images/inline_120.gif
des
Dy





OPS/images/inline_12.gif





OPS/images/inline_115.gif





OPS/images/math_1.gif
[0





OPS/images/inline_114.gif





OPS/images/math_10a.gif
(10a)





OPS/images/inline_117.gif





OPS/images/inline_116.gif
ched
RS





OPS/images/inline_99.gif





OPS/images/math_12.gif
o g -RHg,) (2






OPS/images/math_13a.gif
(132





OPS/images/math_10b.gif
(10b}






OPS/images/math_11.gif
an





OPS/images/inline_112.gif





OPS/images/math_13d.gif





OPS/images/inline_111.gif
~107° scm”





OPS/images/math_13b.gif





OPS/images/inline_113.gif
~107° scm”





OPS/images/math_13c.gif





OPS/images/inline_109.gif





OPS/images/inline_108.gif





OPS/images/inline_110.gif





OPS/images/inline_11.gif
ECSA o< R,





OPS/images/inline_105.gif





OPS/images/inline_107.gif





OPS/images/inline_106.gif





OPS/images/inline_102.gif





OPS/images/inline_101.gif
L9
(R)





OPS/images/inline_104.gif
L,/

)P





OPS/images/inline_103.gif





OPS/images/inline_1.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		On the optimal cathode catalyst layer for polymer electrolyte fuel cells: Bimodal pore size distributions with functionalized microstructures		1 Introduction

		2 Numerical model		2.1 Assumptions

		2.2 Multiscale approach





		3 Macroscopic model (layer scale)		3.1 Boundary conditions

		3.2 Constitutive equations of the porous medium

		3.3 Effective transport properties





		4 Microscopic model (nanopore scale)		4.1 Boundary conditions





		5 Case studies

		6 Discussion of results		6.1 Baseline case (geometrical optimization)

		6.2 Effect of external transport resistances

		6.3 Effect of catalyst activity (exchange current density)





		7 Conclusion

		Data availability statement

		Author contributions

		Funding

		Acknowledgments

		Publisher’s note

		References

		Nomenclature		Greek letters

		Subscripts and superscripts













OPS/images/fenrg-10-1058913-t001.jpg
Parameter

Channel-CL O, transport resistance
Area-specific ohmic resistance (~ PEM)
Exchange current density

Pt skin thickness (~ atomic layer)
Nanopore radius

Nanopore length

Shell nanoporosity

Average water saturation

Pt loading

Pillar spacing

fonomer radius ratio

Porosity of secondary pore space*
Half-size of secondary pore space®
CL thickness*

P,

1.5 bar; p,

1bar; T= 80°CiRH, = RH,

Symbol

chel
RO:

Value

0.1,0.5, 1 (baseline) s cm ™!
0.002,0.01,0.02 (baseline) cm? §~1
0.5 (baseline), 1,5 Amp?
02nm

250m

10 nm

09

04

0.001-0.3 mgy, cm™2

L™ — 5000 nm

0.1-04

20.15

20

>15 pm





OPS/images/inline_100.gif





OPS/images/inline_10.gif





OPS/images/inline_80.gif





OPS/images/fenrg-10-1058913-g011.gif
E






OPS/images/fenrg-10-1058913-g010.gif
ARME - BB, AR BT . A M Aw AR R T

w A A






OPS/images/inline_83.gif





OPS/images/inline_84.gif





OPS/images/inline_81.gif





OPS/images/inline_82.gif





OPS/images/inline_87.gif
o At
ASR; = L, /a5,





OPS/images/inline_88.gif





OPS/images/inline_85.gif





OPS/images/inline_86.gif
ASRS = 8,/d"





OPS/images/inline_89.gif
o~ k0, CS





OPS/images/fenrg-10-1058913-g005.gif
A
Macroscopic REA

stomichustin
watertan i
e onamer il

¢ coumer

Eifetve Tansport Vouumerric
propertcs Carventensity

1)






OPS/images/fenrg-10-1058913-g006.gif
.

Derived varabes

OPTEMAL SEOIRET Y





OPS/images/fenrg-10-1058913-g003.gif
s B i





OPS/images/fenrg-10-1058913-g004.gif
Straight B Tepewes

)
i anomse  pEC i
pirophic)  (hvophabic) cabonar graph

feserig oo





OPS/images/fenrg-10-1058913-g009.gif
P PR s B B NN o RURER. sl P AR R MRS <. RSN o

mr—— Wi i
e Lo
i i i






OPS/images/fenrg-10-1058913-g007.gif





OPS/images/fenrg-10-1058913-g008.gif





OPS/images/fenrg-10-1058913-g001.gif





OPS/images/inline_9.gif





OPS/images/fenrg-10-1058913-g002.gif
Bi - functionalized Bimodal Microstructure

R i
3
e ¥ o, 8.
‘ = iz
3 x
. ¥
i . ey sopar
‘ = o
=
x l






OPS/images/inline_90.gif





OPS/images/inline_93.gif
chd
RS





OPS/images/inline_94.gif





OPS/images/inline_91.gif





OPS/images/inline_92.gif





OPS/images/inline_97.gif





OPS/images/inline_98.gif





OPS/images/inline_95.gif





OPS/images/inline_96.gif





OPS/images/inline_63.gif
chd
RS





OPS/images/inline_64.gif





OPS/images/inline_62.gif
-5 Amp, ~ (x2and x10)





OPS/images/inline_67.gif





OPS/images/inline_68.gif
Lo





OPS/images/inline_65.gif
e =1-m/(2V3) = 0.906





OPS/images/inline_66.gif





OPS/images/inline_70.gif





OPS/images/logo.jpg
P frontiers | Frontiers in Energy Research





OPS/images/inline_69.gif
Parameter Symbol Value

Channel-CL O, transport resistance R3S 01,05, 1 (baseline) s m™"
Area-specific ohmic resistance (~ PEM) ASR 0.002,0.01, 0,02 (baseline) cm? 5!
Exchange current density e 0.5 (baseline), 1,5 Am;?

Pt skin thickness (~ atomic layer) o 020m

Nanopore radius R, 25mm

Nanopore length L, 108m

Shell nanoporosity P 09

Average water saturation a8 04

Pt loading Ly 0.001-0.3 mgp, cm™2
Pillar spacing L L™ 5000 nm

lonomer radius ratio R, 0.1-04

Porosity of secondary pore space® e 2015

Half-size of secondary pore space” R, 20

CL thickness* 5 215 um

5barip,,






OPS/images/inline_7.gif





OPS/images/inline_73.gif





OPS/images/inline_74.gif





OPS/images/inline_71.gif
chd
RS





OPS/images/inline_72.gif
0.5 (baseline), 1,5 Am’~





OPS/images/inline_77.gif





OPS/images/inline_78.gif
L™ = max (L™, Ly™|





OPS/images/inline_75.gif





OPS/images/inline_76.gif





OPS/images/inline_79.gif





OPS/images/inline_8.gif





OPS/images/math_5.gif
10Ps«p~-Lv10' Pa ©





OPS/images/inline_44.gif
ECSA =230 m* g,





OPS/images/math_6.gif
®





OPS/images/inline_47.gif





OPS/images/math_8b.gif
(8b)






OPS/images/inline_48.gif





OPS/images/math_8c.gif
(80





OPS/images/inline_45.gif
D (P T)





OPS/images/math_7.gif





OPS/images/inline_46.gif





OPS/images/math_8a.gif
(8a)





OPS/images/inline_50.gif
Co. =40 molm™






OPS/images/math_9c.gif
&
6= CLIMPL: ¢, = Vs CLIPEM: G£=0 (90





OPS/images/inline_51.gif
0.5 Amy,





OPS/images/inline_49.gif





OPS/images/math_9a.gif
Co, = CLIMPL: Co, = CY i CL/PEM:

b





OPS/images/inline_5.gif





OPS/images/math_9b.gif
Cl aid
6= CLIMPL: <2

CL/PEM: ¢,=-0¢,  (9b





OPS/images/inline_52.gif
0.3 Amy,





OPS/images/inline_53.gif





OPS/images/inline_54.gif





OPS/images/inline_57.gif





OPS/images/inline_58.gif
1scm






OPS/images/inline_55.gif





OPS/images/inline_56.gif





OPS/images/inline_60.gif
el
RG =0.5-0.1scm





OPS/images/inline_61.gif





OPS/images/inline_59.gif
ched
RS





OPS/images/inline_6.gif





