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Next-generation polymer electrolyte fuel cells (PEFCs) require an integral design
of the porous structure of electrodes at different scales to improve performance
and enlarge durability while reducing cost. One of today’s biggest challenges is
the stable, high-performance operation at low Pt loading due to the detrimental
effect of the local oxygen transport resistance caused by ionomer around catalyst
sites. Hindered local oxygen transport arises from sluggish kinetics at the local
reaction environment, that comprises adsorption at (wet) ionomer and Pt
interfaces, and diffusivity of gas species in ionomer and water. Diverse factors
affect oxygen transport, including operating conditions (relative humidity,
temperature, and pressure), ionomer content and morphology, ionomer
heterogeneity, porosity of carbon support, catalyst dispersity, and flooding. To
attain performance and durability targets, it is essential to maximize the oxygen
utilization of the catalyst layer by implementing enhanced membrane electrode
assembly architectures. This involves employing advanced catalyst layer
preparation techniques, including electrospraying, to generate optimized
highly porous morphologies. Furthermore, achieving these targets
necessitates the development of new materials with tailored properties, such
as high permeability and porous ionomers, among other innovative strategies.
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1 Introduction

Polymer electrolyte fuel cells (PEFCs) stand at the forefront of sustainable energy
technologies, holding the promise to revolutionize the landscape of power generation and
transportation. As we navigate an era marked by the urgent need for cleaner and more
efficient energy sources, PEFCs emerge as a beacon of innovation, offering a pathway
toward reduced greenhouse gas emissions and enhanced energy security through the use of
clean hydrogen as fuel (Fan et al., 2021; Yue et al., 2021). The appeal of PEFCs extends
beyond their high energy conversion efficiency. Their scalability, rapid start-up times, and
low operating temperatures make them well-suited for diverse applications, ranging from
portable electronic devices to stationary power generation and fuel cell vehicles (Wee, 2007).
Although the first demonstration of a fuel-cell passenger car dates back several decades, only
two car manufacturers (Toyota and Hyundai) are actively producing fuel-cell cars at present
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(Das et al., 2023). Their market reach is constrained by various
factors. One significant obstacle is the inadequate availability of
hydrogen infrastructure and renewable hydrogen. However, perhaps
the most pivotal impediment is the performance, durability, and cost
of fuel-cell vehicles. Currently, these factors do not match up
competitively with internal combustion engine (ICE) vehicles
(Pollet et al., 2019; Whiston et al., 2019). To attain a more
substantial market share and facilitate widespread
commercialization of fuel cell vehicles (FCVs), there is a pressing
need for enhancements that bring their performance, durability, and
cost more in line with conventional ICE vehicles.

The primary performance, cost, and durability metrics for the
PEFC system are detailed in Table 1, projecting values for both
2030 and 2050 as interim and ultimate targets, respectively. The data
in Table 1 are a durability-adjusted cost of an 80-kWnet PEFC
system based on a projection to high volume manufacturing at
100,000 units/year (Das et al., 2023; U.S. Department of Energy,
2022; James et al., 2021). The data underscore notable advancements
in both performance and durability over recent decades, with the
current status closely approaching the 2030 targets set by the U.S.
Department of Energy (Das et al., 2023; U.S. Department of Energy,
2022). Despite these positive strides, the present cost of PEFC
systems for passenger cars remains above US$50/kW,
necessitating a further 40% reduction to meet the ultimate target
of US$30/kW (Cullen et al., 2021; James et al., 2021).

While the cost, performance, and durability of fuel cells are
intricately linked, there is a noteworthy effort to decrease the cost of
fuel cell materials of the membrane electrode assembly (MEA), with
a specific focus on Pt catalysts, given their substantial contribution to
overall fuel cell cost (Nonoyama et al., 2011; Kongkanand and
Mathias, 2016; Ganesan and Narayanasamy, 2019; Jiao et al.,
2021). Many researchers and FCV manufacturers have already
provided avenues for reducing Pt loading in catalyst layers,
including Nissan, Toyota, and General Motors. They also noted
that there is a lack of understanding about the performance of low
Pt-loaded electrodes, which stems from the concentration
polarization at low Pt loading. As shown in Figure 1A, when the
Pt loading decreases, the local oxygen transport resistance through
the thin ionomer film covering the Pt particles increases significantly
(Sakai et al., 2009; Ono et al., 2010; Nonoyama et al., 2011; Greszler
et al., 2012; Owejan et al., 2013; Kongkanand and Mathias, 2016;
Schuler et al., 2019). Consequently, the local oxygen transport
resistance at low Pt loading has been attributed to the ionomer
coating around the Pt surface. Efficient proton conduction at low Pt
loading can be achieved by adjusting the ionomer-to-carbon weight
ratio in the catalyst layer (Sabarirajan et al., 2020). However,
achieving optimal oxygen transport simultaneously is complicated.

The efficient transport of oxygen to the catalyst sites is crucial for
minimizing activation and concentration polarizations as well as
ensuring the availability of oxygen for the electrochemical reaction

TABLE 1 Key target metrics for performance, cost, and durability of PEFC system for 2030 (interim) and 2050 (ultimate) (Das et al., 2023).

Cost (US$/kW) Peak Efficiency (%) System Lifetime (h) Durability (thousand
miles)

Interim target Ultimate target Interim target Ultimate target Interim target Ultimate target Interim target Ultimate target

Car 40 30 65 70 5,000 8,000 150 150

Bus 40 30 65 70 25,000 30,000 500 500

Truck 80 60 68 72 25,000 30,000 1,000 1,200

FIGURE 1
Variation of the local oxygen transport resistance, Rlocal

O2
, as a function of: (A) Pt loading, LPt (Sakai et al., 2009; Nonoyama et al., 2011; Owejan et al.,

2013), and (B) inverse of roughness factor, r−1f (Ono et al., 2010; Greszler et al., 2012; Owejan et al., 2013; Kongkanand and Mathias, 2016; Schuler et al.,
2019). The fitting curves are shown by solid lines.
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during the reduction of oxygen molecules at the cathode catalyst
layer. As shown in Figure 2, oxygen transport within the catalyst
layer is intricately connected to both the adsorption of oxygen from
the gas phase onto the catalyst surface through the ionomer and the
subsequent diffusion of oxygen within the ionomer (Nonoyama
et al., 2011). Experimental measurement of oxygen transport
resistance in the catalyst layer involves distinguishing between
molecular/Knudsen diffusion and local resistance through the
thin ionomer films to the catalyst surface (Nonoyama et al.,
2011; Weber et al., 2012; Wang et al., 2017). Researchers have
utilized various methods to assess oxygen transport resistance in the
catalyst layer, among which are the gas crossover method (Iden et al.,
2013a) and the limiting current method (Baker et al., 2009;
Nonoyama et al., 2011; Greszler et al., 2012).

Greszler et al. (Greszler et al., 2012) emphasized that the partial
pressure of oxygen at the Pt surface can experience a notable reduction
at low Pt loading. This reduction can result in severe performance
degradation of fuel cells, particularly during high-power operations. It
was concluded that oxygen transport resistance is inversely
proportional to Pt loading or Pt surface area. Nonoyama et al.
(Nonoyama et al., 2011) experimentally measured oxygen
transport resistance using limiting current density. They identified
three components of oxygen transport resistance: molecular diffusion,
Knudsen diffusion, and permeation through the ionomer film. Their
findings indicated that the primary contributor to the transport
resistance is the permeation through the ionomer film. Wang et al.
(Wang et al., 2017) similarly concluded that local transport
significantly influences the oxygen transport resistance to active
catalyst sites. They found that it could account for up to 77% of
the total cathode catalyst layer resistance when Pt loading is reduced
to 0.05 mgPt cm

−2. Although previous studies associated performance
loss with low Pt loading due to local transport resistance, Owejan and
colleagues delved deeper into the matter (Owejan et al., 2013). They
emphasized that transport resistance through the ionomer coating is
not solely a function of Pt loading but is also influenced by both Pt
surface area and particle dispersion. Indeed, as shown in Figure 1B,
the local oxygen transport resistance depends linearly on the
roughness factor, defined as the product of the Pt loading and the
electrochemical surface area (ECSA). Moreover, factors such as

oxygen mole fraction, relative humidity, operating pressure, and
temperature have been identified as influencing local transport
resistance (Choo et al., 2015; Shen et al., 2017). Researchers have
proposed that the local oxygen transport resistance may not solely
arise from oxygen transport within the thin ionomer film. Instead, it
might be an apparent interfacial resistance resulting from the
interaction between the acid site of the ionomer and the polarized
catalyst (Liu et al., 2015).

Certainly, the intricate dynamics of oxygen transport resistance,
involving factors such as electrode thickness, Pt loading, Pt surface
area, and particle dispersion, pose a substantial challenge that can
hinder the overall performance of fuel cells. Consequently, it is
crucial to delve into the specifics of local oxygen transport resistance,
emphasizing its origin, dependencies, and potential strategies for
mitigation. Understanding these intricacies is paramount for
enhancing and optimizing fuel cell performance and reducing
cost. Indirect strategies to improve oxygen transport, such as
flow-field design, are not addressed here.

2 Dependencies

The most influential factors on the local oxygen transport
resistance are discussed below, including: i) relative humidity,
temperature and pressure, ii) ionomer content and morphology,
iii) ionomer distribution, iv) carbon porosity, and v) additional
factors. The factors organized in order of their impact on the local
oxygen transport resistance are listed in Table 2. The most
influential factors appear to be those related to the amount and
permeability of ionomer surrounding catalyst particles and the
number of electrochemically activated sites (i.e., ionomer
porosity, I/C ratio, and relative humidity).

2.1 Effect of relative humidity, temperature
and pressure

The oxygen flux from the bulk gas space toward the catalyst
surface can be decomposed into three mechanisms (see

FIGURE 2
Schematic of the local oxygen transport resistance, composed of adsorption at (wet) ionomer and Pt interfaces, and diffusion across water and
ionomer thin films.
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Figure 2): i) oxygen adsorption from the gas phase into the
ionomer, ii) oxygen diffusion inside the ionomer, and iii) oxygen
adsorption from the ionomer to the catalyst surface (Nonoyama
et al., 2011). In a first approximation, the contribution of water
films present at either the inner and/or outer surfaces of the
ionomer film is neglected due to their lower effect on the local
oxygen transport resistance compared to the above three
mechanisms. The expressions of the oxygen flux, Ni

O2
, for

each process are given by

Ni
O2

� kg/i C
eq
O2

− Ci
O2

( ) (1.1)

Ni
O2

� Deff
O2 ,i

C( i
O2

− CPt
O2
)

δi
(1.2)

Ni
O2

� ki/PtC
Pt
O2

(1.3)

where Ceq
O2
, Ci

O2
and CPt

O2
are the equilibrium oxygen concentration,

oxygen concentration at the ionomer interface (adjacent to the gas
side), and the oxygen concentration at the catalyst surface,

respectively, kg/i and ki/Pt are the rate constants for oxygen
adsorption at the gas/ionomer and ionomer/Pt interfaces, Deff

O2 ,i
is

the effective diffusivity of oxygen in ionomer, and δi is the ionomer
film thickness.

The equilibrium oxygen concentration, Ceq
O2
, can be expressed in

terms of the solubility coefficient, Sg/iO2
, as (Shen et al., 2017)

Ceq
O2

� Sg/iO2
RTCgas

O2
(2)

where R is the universal gas constant and T is the temperature.
Considering that the above three transport processes are

arranged in series, the overall oxygen transport resistance is

Ri
O2

� Cgas
O2

Ni
O2

� δi
Deff

O2 ,i

+ 1
kg/i

+ 1
ki/Pt

[ ] 1
RT

1

Sg/iO2

(3)

which can be re-expressed in terms of the oxygen equilibrium
concentration, Ceq

O2
, and the oxygen concentration in the bulk gas

space, Cgas
O2
, through Eq. 2

TABLE 2 Impact of factors that affect the local oxygen transport resistance, according to the relative variation of the resistance value. The impact is
categorized as low, medium, medium-high and high.

Factor Action Relative
variation

Impact References

Ionomer porosity Incorporating mesopores of 5–10 nm in
diameter

0.37 to 0.08 s cm−1 High Cheng et al. (2022b)

−78.3%

I/C ratio Decreasing I/C from 1 to 0.2 0.77 to 0.14 s cm−1 High Wang et al. (2019), Sun et al. (2021), Yakovlev et al. (2021)

−77.9%

Relative humidity Increasing RH from 0.2 to 0.9 0.27 to 0.09 s cm−1 High Kudo et al. (2016), Conde et al. (2019), Cetinbas et al. (2020),
Poojary et al. (2020)

−66.7%

Temperature Increasing T from 40 C to 80 C 0.49 to 0.23 s cm−1 Medium-
High

(Shen et al., 2017; Conde et al., 2019; Yakovlev et al., 2021)

−53.1%

Ionomer permeability Increasing PO2 from 20 barrer to 85 barrer 0.28 to 0.18 s cm−1 Medium-
High

Macauley et al. (2022)

−35.7%

0.21 to 0.09 s cm−1

−57.1%

Carbon support
accesibility

Optimizing mesoporous fraction between
4–7 nm

0.17 to 0.09 s cm−1 Medium-
High

Yarlagadda et al. (2018)

−47.06%

Carbon support
porosity

Removing nanopores in carbon support
(e.g., Vulcan)

0.42 to 0.26 s cm−1 Medium-
High

Ramaswamy et al. (2020), Yarlagadda et al. (2022)

−38.1%

Ionomer EW Increasing EW from 720 to 1,100 g mol-1 0.06–0.13 s cm−1 Medium-
High

Ramaswamy et al. (2021)

116.7%

Increasing EW from 825 to 1,100 g mol−1 0.27 to 0.17 s cm−1 Poojary et al. (2020)

−37.0%

Ionomer uniformity Carbon support functionalization 0.7 to 0.5 s cm−1 Medium Orfanidi et al. (2017)

−28.6%

Pressure Decreasing p from 1.5 bar to 1.2 bar 0.36–0.39 s cm−1 Low Shen et al. (2017)

7.7%
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Ri
O2

� δi
Deff

O2 ,i

+ 1
kg/i

+ 1
ki/Pt

[ ] Cgas
O2

Ceq
O2

(4)

The relationship between the equilibrium and bulk oxygen
concentrations is given by the adsorption isotherm at the gas/
ionomer interface. Considering a Langmuir-type isotherm,
Ceq
O2

≃ KLC
gas
O2
/(1 +KLC

gas
O2
), as suggested by Shen et al. (Shen

et al., 2017), we yield

Ri
O2

� δi
Deff

O2 ,i

+ 1
kg/i

+ 1
ki/Pt

[ ] 1 +KLC
gas
O2

KL
(5)

where KL is the Langmuir rate constant.
The local oxygen resistance per unit of active catalyst surface

area, Ri
O2
, and the local oxygen resistance per unit of geometric area,

Rlocal
O2

, are related by the roughness factor (Sánchez-Ramos et al.,
2021; Sánchez-Ramos et al., 2022)

Ri
O2

� rfR
local

O2
; rf � LPtaecsa (6)

where LPt is the Pt loading and aecsa is the ECSA.
Introducing the above relationship, Rlocal

O2
turns out to be

Rlocal
O2

� δi
Deff

O2 ,i

+ 1
kg/i

+ 1
ki/Pt

[ ] 1 +KLC
gas
O2

KL

1
rf

(7)

which is inversely proportional to the roughness factor, as observed
in previous experimental studies (see Figure 1B) (Greszler et al.,
2012; Weber and Kusoglu, 2014).

The effect of the main operating conditions, relative humidity,
temperature and pressure, on the local oxygen transport resistance
reported by various authors is shown in Figure 3 (Kudo et al., 2016;
Shen et al., 2017; Garsany et al., 2018; Conde et al., 2019; Cetinbas
et al., 2020; Poojary et al., 2020; Sun et al., 2020; Yakovlev et al., 2021;
Cheng et al., 2022a). The fitting curves are added to the collected
datasets. Rlocal

O2
decreases with increasing relative humidity and

temperature, while it increases with increasing pressure. The
fitted correlations are equal to

Rlocal
O2

� 0.34 exp −1.58RH( ) s cm−1 (8.1)
Rlocal
O2

� 97 exp −0.017T( ) s cm−1 (8.2)
Rlocal
O2

� 1.37 + 4.66 × 10−6p s cm−1 (8.3)

where RH, T and p are expressed in SI units.

FIGURE 3
Variation of the local oxygen transport resistance, Rlocal

O2
, as a function of: (A) relative humidity, RH (Kudo et al., 2016; Conde et al., 2019; Cetinbas

et al., 2020; Poojary et al., 2020), (B) temperature, T [Shen et al., 2017; Conde et al., 2019; Yakovlev et al., 2021], and (C) absolute pressure, p (Shen et al.,
2017). The fitting curves are shown by solid and dashed lines. The dependence of the total oxygen transport resistance with absolute pressure is also
included (Garsany et al., 2018; Sun et al., 2020; Yakovlev et al., 2021).
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The positive effect of relative humidity on reducing Rlocal
O2

is ascribed
to two main factors: i) increase of the effective diffusivity of oxygen in
ionomer caused by a higher water content (Kudo et al., 2016; Shen et al.,
2017; Poojary et al., 2020), and ii) increase of ECSA and therefore
increase of the roughness factor (Cetinbas et al., 2020). The relative
contribution of each factor varies between different literature sources.
Kudo et al. (Kudo et al., 2016) found that the dominant factor was the
increase of oxygen permeability originating from an increase of oxygen
effective diffusivity, while the oxygen solubility remained almost constant
with relative humidity. A similar explanation was provided by Shen et al.
(Shen et al., 2017) and Poojary et al. (Poojary et al., 2020). In contrast, the
numerical work of Cetinbas et al. (Cetinbas et al., 2020) ascribed entirely
the reduction of Rlocal

O2
to the increase of ECSA with relative humidity. A

mixture of both contributions is expected to hold in practice.
The reduction of Rlocal

O2
with temperature can be fundamentally

explained by the thermal activation of oxygen transport, so that there is
an increase of the effective diffusivity and adsorption rate coefficients of
oxygen (Shen et al., 2017; Conde et al., 2019; Yakovlev et al., 2021). In
addition, rising temperature at constant relative humidity increases the
partial pressure of water, which can in turn increase the volume fraction
of water in the ionomer (Shen et al., 2017).

The adverse effect of pressure on Rlocal
O2

is unexpected but can be
understood based on the adsorption kinetics at the gas/ionomer interface
(Shen et al., 2017; Garsany et al., 2018; Sun et al., 2020; Yakovlev et al.,
2021). As discussed by Shen et al. (Shen et al., 2017), according to Eq. 7,
Rlocal
O2

increases with oxygen concentration and therefore pressure due to
saturation of the adsorption rate of oxygen at the gas/ionomer interface.
It is worth noting that the effect of pressure cannot be explained by
means of linear Henry’s law, so oxygen isotherms with a concave shape
are needed, such as Langumir-type isotherms.

2.2 Effect of ionomer content and
morphology

The concentration and morphology of the ionomer play a key
role on Rlocal

O2
due to the kinetic effect of ionomer on local oxygen

transport above and beyond operating conditions and water
saturation (Cheng et al., 2022a). In particular, many previous
studies focused on the effect of ionomer-to-carbon weight ratio,
I/C [34, 38, 39], and equivalent weight of ionomer,
EW [33, 35, 40, 41] (see Figure 4). Results showed an overall
increase of Rlocal

O2
with I/C [34, 38, 39]. However, opposite trends

have been observed for EW [33, 35, 40, 41]. The fitted expressions
for Rlocal

O2
(I/C) and Rlocal

O2
(EW) are given by

Rlocal
O2

� 0.11 exp 1.92I/C( ) s cm−1 (9.1)
Rlocal
O2

� −0.06 + 1.6 × 10−4 EW s cm−1 increasing( ) (9.2)
Rlocal
O2

� 0.19 − 7.25 × 10−5EW s cm−1 decreasing( ) (9.3)

where EW is expressed in SI units.
The detrimental effect of I/C on Rlocal

O2
is mainly caused by two

factors: i) increase of average ionomer thickness with ionomer
content, and ii) increase of agglomeration caused by ionomer
maldistribution at exceedingly high volume fractions (Wang
et al., 2019; Sun et al., 2021). These two effects are expected to
manifest when I/C is varied in a wide range between I/C ≃ 0.1 and
I/C ≃ 1. However, for intermediate values around I/C ≃ 0.6, it is
possible that an increase of the ionomer content enlarges the ECSA
due to the coverage of previously inactive catalyst areas. Hence,
ionomer thickness and ionomer agglomeration do not have a
noticeable effect, so that Rlocal

O2
remains rather invariant or even

decreases, as shown by Yakovlev et al. (Yakovlev et al., 2021).
A decrease of EW leads to an increase in the number of

protogenic groups in ionomer, so that water uptake and ionic
conductivity are typically promoted (Kusoglu and Weber, 2017;
García-Salaberri, 2023a). The higher water volume fraction and
shorter side chains in ionomer facilitates oxygen transport through
ionomer, leading to a decrease of Rlocal

O2
. This scenario has been

previously observed experimentally by several authors, either
examining the local or total oxygen transport resistance (Garsany
et al., 2018; Ramaswamy et al., 2021). However, other authors have
reported an opposite behavior (Ono et al., 2013; Poojary et al., 2020).
The explanation provided by these authors relies on the

FIGURE 4
Variation of the local oxygen transport resistance, Rlocal

O2
, as a function of: (A) ionomer-to-carbon weight ratio, I/C (Wang et al., 2019; Sun et al., 2021;

Yakovlev et al., 2021), and (B) ionomer equivalentweight, EW [Poojary et al., 2020; Ramaswamy et al., 2021; Ono et al., 2013 ,]. The fitting curves are shown by
solid and dashed lines. The dependenceof the total oxygen transport resistancewith equivalentweight is also included (Garsany et al., 2018). Opposite trends
are observed in the effect of equivalent weight.
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arrangement of water rather than the amount of water in the
ionomer. According to Poojary et al. (Poojary et al., 2020), an
increase of EW locates water uptake preferentially at the Pt/
ionomer interface. Consequently, the diffusive tortuosity is
reduced due to a better distribution of oxygen over the catalyst
surface. Note that the limiting transport process at the local scale has
been previously ascribed to the formation of a dense ionomer layer
near the catalyst surface (Jinnouchi et al., 2016; Kurihara et al., 2017;
Kurihara et al., 2019). According to Ono et al. (Ono et al., 2013),
enhanced water uptake at decreased EW may be mainly
concentrated at the gas/ionomer interface, resulting in an
exceedingly high coverage of water on the ionomer and much
lower oxygen concentration in the ionomer. Another plausible
explanation introduced here is the poisoning effect of sulfonic
groups on the Pt surface in low-EW ionomers, which can lead to
an ECSA reduction and therefore an increase of Rlocal

O2
. Further work

is needed to elucidate the interplay between Rlocal
O2

, ECSA and oxygen
transport in water as a function of EW.

Increasing oxygen permeability by modification of ionomer
chemical structure provides a straightforward approach to reduce
Rlocal
O2

. Figure 5A shows the oxygen permeability of Nafion compared
to that of modified ionomers examined byMacauley et al. (Macauley
et al., 2022). An increase of oxygen permeability up to a factor of
5 was achieved in (Macauley et al., 2022), while preserving good
proton conductivity, using copolymers with blocks designed to
enhance both oxygen and proton transport. Improved oxygen
permeation was reached by means of an open-ring polymer
structure, which led to a decrease of Rlocal

O2
down to a factor of

2 and peak power densities higher than 1.25 W cm−2

(LPt � 0.1mgPtcm
−2). In addition, durability was improved,

exceeding the target set by the U.S. Department of Energy at
0.8 A cm−2. The enlarged durability was explained by a more
uniform ionomer distribution compared to Nafion, along with
lower levels of Pt particle size growth and ionomer degradation.

The design of porous ionomers is also a powerful approach, as
an alternative to the modification of ionomer chemical structure
(Cheng et al., 2022b; Zhang et al., 2022). Recently, Cheng et al.
(Cheng et al., 2022b) developed nanoporous ionomers by regulating

the nanoscale distribution of Nafion using a sacrificial pore-forming
agent. The introduction of nanoporosity on/in Nafion films
significantly increased the number of triple-phase points for
oxygen reduction reaction (ORR) and decreased Rlocal

O2
by around

one order of magnitude compared to conventional Nafion
(0.08 s cm−1 vs 0.37 s cm−1 at LPt � 0.1mgPtcm

−2). As a result, a
markedly superior performance was achieved at high current
density, as shown in Figure 5B. In another work, Zhang et al.
(Zhang et al., 2022) synthesized mesoporous ionomer films by
incorporating ionic covalent organic framework (COF)
nanosheets into Nafion (pore size ~ 3–4 nm). The use of COF-
modified ionomer resulted in a two-fold decrease of Rlocal

O2
and a

reduction of the poisoning effect of sulfonic groups on the Pt surface,
showing higher catalyst mass activity and ECSA. Consequently, as
shown in Figure 5B, the peak power density was improved by a
factor of 1.6 using the mesoporous ionomer with both pure oxygen
and air feed (LPt � 0.07mgPtcm

−2).

2.3 Effect of ionomer distribution on
catalyst particles

Apart from ionomer thickness, the ionomer distribution on the
carbon support plays an important effect on local oxygen transport.
In the last years, several researchers have investigated the use of
functionalized carbon supports with nitrogen-containing surface
groups to tailor ionomer distribution (Orfanidi et al., 2017; Ott et al.,
2020). Orfanidi et al. (Orfanidi et al., 2017) examined the
performance of animated Vulcan compared to conventional non-
functionalized carbon supports at low Pt loading
(LPt � 0.07mgPtcm

−2). The interaction between positively charged
groups of carbon support and negatively charged groups of ionomer
led to a more uniform ionomer distribution. As illustrated in
Figure 6A, the higher uniformity of ionomer films prevented
agglomeration and the formation of deactivated ionomer-free
regions. Consequently, an optimal balance was achieved between
ionic and mass transport losses, increasing performance at low Pt
loading (see polarization curves with Vulcan in Figure 6B) (García-

FIGURE 5
(A) Oxygen permeability, PO2, reported for Nafion and modified ionomers with an enhanced oxygen transport structure (Macauley et al., 2022;
García-Salaberri, 2023a). (B) Polarization curves, I − V , reported using conventional and porous ionomers (Cheng et al., 2022b; Zhang et al., 2022).
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Salaberri, 2023b). Besides, it is worth noting that the optimal I/C was
reduced from I/C ≃ 0.65 for the conventional electrode down to
I/C ≃ 0.4 for the functionalized electrode. The reduction can be
explained by the more uniform ionomer distribution and the better
Pt/C coverage achieved on the functionalized carbon surface. A
similar research approach was presented by Ott et al. (Ott et al.,
2020) but using porous ketjenblack (KB) instead of non-porous
Vulcan. As shown in Figure 6B, improved performance was also
achieved at low Pt loading (LPt � 0.11mgPtcm

−2) due to a proper
balance between reduced mass transport losses and good ionic
conductivity. The combined results of Orfanidi et al. (Orfanidi
et al., 2017) and Ott et al. (Ott et al., 2020) show that the
positive effect of ionomer uniformity does not depend on the
porosity of the carbon support.

2.4 Effect of carbon porosity

Two types of carbon supports are commonly used depending on
their porosity: i) Vulcan or solid carbon with virtually no porosity, and
ii) high surface area, micro/mesoporous carbon, such as ketjenblack.
Previous work has shown that local oxygen transport is dependent on
the location of catalyst nanoparticles in the carbon support. As shown

in Figure 7A, the solid surface of Vulcan allows an external location of
Pt nanoparticles, while ketjenblack shows catalyst nanoparticles both
in the inner micro/mesopores and the external surface. Usually, most
of the nanoparticles in porous carbon are located in the inner surface
(>60%) (Padgett et al., 2018). Harzer et al. (Harzer et al., 2018) tuned
the preferential location of Pt nanoparticles in ketjenblack by varying
the synthesis method. They found that Rlocal

O2
decreased when most of

the nanoparticles were located on the outer surface due to suppression
of the additional transport resistance introduced by (partially)
saturated micro/mesopores. As shown in Figures 7A,B similar
conclusion can be extracted from the works of Ramaswamy et al.
(Ramaswamy et al., 2020) and Yarlagadda et al. (Yarlagadda et al.,
2022), who tested a wide variety of porous carbon supports.
Theoretically, Darling and Burlatsky (Darling and Burlatsky, 2020)
developed a nanoscale model for the oxygen transport resistance in
ketjenblack, which was validated against experimental data. Twomain
factors were identified for the enlarged oxygen resistance in porous
carbon: i) a higher entry loss through ionomer at pore mouth, and ii)
oxygen diffusion in the (partially) saturated micro/mesopore.

Despite the increase of Rlocal
O2

usually found in porous carbon
supports, it is worth noting that they have the beneficial effect of
increasing the catalyst activity due to suppression of the poisoning
effect of ionomer sulfonic groups on catalyst sites. Therefore, a

FIGURE 6
(A) Microstructure of catalyst layers with heterogeneous and uniform ionomer distributions. Blue: water, orange: ionomer, black: carbon. (B)
Polarization curves, I − V , reported using conventional and uniformly distributed ionomers (Orfanidi et al., 2017; Ott et al., 2020). Data corresponding to
both Vulcan and ketjenblack (KB) are included.
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proper design of the micro/mesopore carbon structure can be a
suitable approach to improve kinetics while ensuring a relatively low
local oxygen transport resistance. The generation of accessible and
short nanopores in carbon with a virtually negligible ionomer
coverage is preferred, so that the local transport resistance is
lowered in a similar way to that of nanopores introduced in
mesoporous ionomers (Cheng et al., 2022b; Zhang et al., 2022).
This approach has been recently shown by researchers from General
Motors to boost the performance of low Pt-loading PEFCs
(Yarlagadda et al., 2018). They optimized porous carbon support
by increasing the volume fraction of accessible mesopores for both
proton and oxygen transport in the range between 4–7 nm.

2.5 Additional factors

Other aspects that have shown a significant influence on Rlocal
O2

include: i) dispersion of Pt nanoparticles on carbon support, ii)
oxygen accessibility in primary pores of agglomerates, and iii) pore
morphology of the catalyst layer.

The effect of Pt dispersity was examined by Sun et al. (Sun et al.,
2020) using catalyst layers with constant thickness and different Pt-to-
carbon weight ratios, wt. Catalyst dispersity was reduced by gradually
increasing wt. A significant improvement in performance at high
current density was found in catalyst layers with low dispersity

(LPt ≃ 0.1mgPtcm
−2). The positive effect of decreasing catalyst

dispersity can be understood by a reduction of the diffusive transport
length through ionomer and water films from the bulk pore space
toward the Pt surface. The effect of oxygen accessibility in primary pores
was examined numerically and experimentally by Cetinbas et al.
(Cetinbas et al., 2020) and Garsany et al. (Garsany et al., 2018),
respectively. These works showed that increasing microporosity can
enhance water evaporation, thereby reducing flooding in primary pores
(Garsany et al., 2018). Achieving high oxygen accessibility in primary
pores by flooding reduction is critical to ensure the facilitated transport
of oxygen through agglomerates under fully humidified conditions
(Cetinbas et al., 2020). In addition, the arrangement of pores and not
only the porosity of the catalyst layer plays a crucial role in promoting
local oxygen transport around ionomer films. For example, vertically
aligned microstructures can maximize oxygen accessibility through the
bulk pore space, while minimizing interaction and agglomeration
between adjacent ionomer films (Murata et al., 2014; García-
Salaberri, 2023b). The effect of assembly compression on the
microstructure of the catalyst layer is minor at moderate pressures
below 1.5 MPa but can originate significant changes at high pressures
around 3–5MPa (Sassin et al., 2016; Malekian et al., 2019). Excessive
compression of the catalyst layer leads to a decrease in large secondary
pores, reducing the average pore size and the porosity of the catalyst layer
(Malekian et al., 2019). In addition, membrane swelling can form cracks
in the catalyst layer (Kai et al., 2014). The morphological changes of the

FIGURE 7
(A) Schematic of the microstructure of porous and solid (Vulcan) carbon supports. Blue: water, orange: ionomer, grey: catalyst, black: carbon. (B)
Local oxygen transport resistance, RO2, reported for porous and solid (Vulcan) carbon supports (Ramaswamy et al., 2020; Yarlagadda et al., 2022).

Frontiers in Energy Research frontiersin.org09

García-Salaberri et al. 10.3389/fenrg.2024.1357325

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2024.1357325


catalyst layer caused by mechanical stresses can affect local flooding and
oxygen accessibility toward Pt sites.

3 MEA design and mitigation strategies

As discussed in previous sections, at intermediate and high
current densities, mass transport resistances limit power
production in a PEFC. Different transport processes are
responsible for these resistances, and involving different species,
as summarized in Table 3. This part of the revision will provide
some experimental strategies proposed recently for the mitigation
of transport resistances associated with some of the processes in
Table 3, especially those involving local oxygen mass transport in
the porous media of the electrodes which correspond to processes
3, 4 and 5 of Table 3. A conventional PEFC electrode structure will
be assumed, having three serial porous layers, namely, the gas
diffusion layer (GDL), microporous layer (MPL), and
catalyst layer (CL).

Among the different processes in Table 3, of special importance
is the transport of liquid water inside the pore structure of the
electrodes (processes 9 and 10) due to the large impact on other
transport processes of O2, H

+, e− and on the electrochemical kinetics
(Li et al., 2008; Das et al., 2010; Iranzo et al., 2016; Lübben et al.,
2023). The slowness of water transport, which is dominated by
capillary forces in the porous layers of the MEA (Gostick, 2013;
Mulone and Karan, 2013; Zapardiel and García-Salaberri, 2022),
makes an important contribution to the transport resistances in a
PEFC. Water is the product of the ORR in the cathode and provides
the medium for the ionic transport in the CLs and themembrane; on
the other hand, liquid water in flooded pores becomes a barrier for
the access of gas molecules to the catalytic centers obliging the
dissolution and diffusion of gas molecules into the liquid, which is
four orders of magnitude slower than their diffusion in the free
pore space.

Another important source of mass transport resistance in a
PEFC is the local access of gas molecules to the reaction sites,
principally oxygen in the cathodic CL, understanding for ‘local’ the
nanometric scale comprising the ionomer thickness and the catalyst
particle, corresponding to processes 3, 4 and 5 in Table 3 (see Figures
2, 8). Since the Pt surface must be closely interacting with the proton
conductor, i.e., the ionomer phase, this same phase may cause partial
blockage of the reaction sites that is revealed as a mass transport
resistance. The problem is especially severe at low Pt loadings in the
CL since such ‘local transport resistance’ depends on the inverse of
the CL thickness (Pt loading) (Schuler et al., 2019).

Therefore, the reduction of mass transport resistance in a PEFC
concerns actuations at different scales in theMEA. On the one hand, the
management of liquid water in porous layer requires its removal at the
highest rate but leaving steady partially saturated pores to preserve ionic
conduction. Most strategies to achieve this ideal situation rely on tuning
the hydrophilic-hydrophobic properties of the pore walls and
appropriate ionomer distribution (Figure 8B) able to keep partially
saturated pores in the CL and to favor capillary transport and water
diffusion. New electrode structures have also been envisaged to favor
transport processes (Schuler et al., 2019). At the same time, mass
transport at the local, nanoscale level, very close to the reaction sites,
must be acceleratedwhich should address the local reaction environment
and the ionomer distribution to allow fast simultaneous accessibility of
protons and gas molecules (cf. Figures 8C,D).

Some recent strategies to improve mass transport properties are
described below.

3.1 Mass transport resistance mitigation

The strategies for mass transport improvement in a PEFC can be
classified into three types regarding different scales in an MEA:

a) Materials of porous layers (GDL, CL, MPL).

TABLE 3 Summary of transport processes in the electrode of a PEFC.

N° Species Process Medium characteristics

1 O2 Molecular diffusion Large free pores partially saturated with water

2 O2 Knudsen diffusion Small free pores, partially saturated

3 O2 Transport through ionomer Ionomer film hydrated

4 O2 Transport through liquid water Water film interacting with particles and/or ionomer

5 O2 Surface diffusion over catalyst particles Surface around catalyst centers

6 H+ Grotthuss mechanism Bulk liquid water partially saturating pores

7 H+ Transport inside ionomer film Ionomer channel structure saturated with water

8 H+ Surface diffusion over catalyst particles Particles surface around catalyst centers

9 H2O (l) Capillary transport Free pores partially saturated with water

10 H2O (g) Molecular diffusion Free pores partially saturated with water

11 H2O (ionomer) Diffusion Ionomer channel structure in CL and membrane

12 H2O (l,g) Dragging Flow field channel

13 e- Bulk and surface transport Solid particles and interparticle space

Frontiers in Energy Research frontiersin.org10

García-Salaberri et al. 10.3389/fenrg.2024.1357325

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2024.1357325


b) Structure of the porous layer and fabrication process.
c) Membrane-electrodes assembly configuration.

Actuations at one level may have an impact on transport at the
other levels, as well as on materials costs, performance, and cell
durability. Their implementation should be preceded, therefore, by a
comprehensive analysis including the different aspects.

3.1.1 Materials of the porous layers
Carbon materials. Microporous carbon particles make up the

larger proportion of the electrode mass, so it should not be
surprising that their properties have a large impact on transport
processes. Its surface chemistry governs the interaction of water in
the porous layers through polar substituents that provide variable
hydrophilicity (Shen et al., 2008; Khodabakhshi et al., 2020), whereas
porosity and pore size distribution have strong effects on proton
conduction, ORR kinetics, and electrode durability (Uchida et al.,
1995a; Liu et al., 2011a). The surface composition of carbon can be
modified before the electrode preparation to tailor water interaction
properties.

Enhancing the hydrophobic character of carbon surface,
i.e., decreasing wettability, has been shown to improve, in
general, liquid water transport (McNeary et al., 2020). Among
different treatments, thermal and chemical treatments are

preferred for surface modification (Shen et al., 2008). Thermal
treatments in inert atmospheres or H2, decrease the number of
polar surface groups and increase hydrophobicity, which is
beneficial for water transport in the CL, MPL and GDL.
Another means to provide hydrophobic character to the
porous carbon structure is by adding hydrophobic agents. The
most used is PTFE (Teflon), which is normally applied to the MPL
and GDL. It has also been used inside the CL, however, here it has
negative impacts on other properties, like electrical conductivity,
porosity, and ECSA (Avcioglu et al., 2015). As a consequence,
PTFE has been applied to the CL together with other treatments.
Hydrophobic and porosity of the CL and MPL were tested by
Mohseninia et al. (Mohseninia et al., 2020) using PTFE and pore
formers, respectively, and water accumulation followed in situ
with the neutron tomography technique. The results showed that
a high hydrophobicity of the cathodic MPL increases water
flooding and decreases performance, whereas more porous
layers provide superior performance at high current density
with oxygen transport occurring through small pores and
water through larger pores. A new method for
hydrophobization of a porous layer, without adding new
chemicals to the preparation process, is by using the
electrospray deposition technique that will be described in the
next section (Conde et al., 2021).

FIGURE 8
Drawings of Pt/C catalyst aggregates with (A) inhomogeneous, and (B) homogeneous ionomer distributions. (C) and (D) are local reaction
environment for each case showing local mass transport resistance.

Frontiers in Energy Research frontiersin.org11

García-Salaberri et al. 10.3389/fenrg.2024.1357325

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2024.1357325


Certain strategies to improve water transport in the electrode are
based on a combination of hydrophilic and hydrophobic treatments
to induce different water interactivity in different parts of the
electrode, which could accelerate water drainage (Roh et al.,
2018). With this aim, hydrophilicity is enhanced with acidic
treatments, like using nitric or sulfuric acid, which results in
partial surface oxidation due to an increase in the amount of
oxygen polar groups (Shen et al., 2008). A similar effect can be
obtained from a thermal treatment in an oxidative atmosphere. Mild
hydrophilicity can be attained by catalyst treatments with soft
chemicals, which improves ionomer dispersibility and is
beneficial for PEFC performance (Nagamori et al., 2023).
However, the hydrophilic character of the carbon surface is
normally a result of PEFC operation under stressing conditions
(like start-up and shut-down), which favors flooding and lower
interparticle electric contact leading to a decrease in performance, so
it becomes one principal cause for PEFC aging (Borup et al., 2020).

Together with surface chemistry, the structure and morphology
of the carbon material have an influence on transport properties in
the CL. The size of grain aggregates, the microporosity, or the total
area may change water interaction and, with it, transport properties
in the porous layers (Uchida et al., 1995a; Uchida et al., 1996). These
parameters are also related to other important aspects, like chemical
stability, catalyst particle interaction, and electrical conductivity, so
their selection must be carried out on a general optimization plan.
Hence, the synthesis method of the Pt/C catalyst may determine the
transport resistance, since Pt particles may be distributed in different
locations over the carbon surface, with different accessibility. Pt
particles inside nanopores are prone to have better catalytic activity
but poorer oxygenmass transport (Harzer et al., 2018) (see Figure 7).

Primary pores and surface chemistry of the carbon phase govern
Pt growth during Pt/C synthesis, and properties, like particle size,
dispersion, and location. Growth inside carbon micropores may lead
to poorly accessible Pt and important losses due to mass transport
and electrochemical surface area availability (Iden et al., 2013b).
Such effect has been recently studied on high performance
electrodes, like those used for the Toyota Mirai fuel cell, showing
that primary pores with limited accessibility determine local oxygen
transport resistance, as well as the ionomer phase characteristics
(Cetinbas et al., 2020). The latter is a result of the interaction of the
ink with the carbon surface (Liu et al., 2011b; Uchida, 2020; Woo
et al., 2020; Cheng et al., 2021) and the deposition process as will be
discussed below.

Certain nanostructured carbon materials may favor the
transport properties of electrodes and catalysis when they have a
stable and uniform decoration with Pt nanoparticles (Sharma and
Pollet, 2012; Zhu et al., 2013). Nanofibers and nanotubes (single and
multi-walled) have been extensively studied in this sense, and have
accomplished important technical targets for the PEFC technology
(Jha et al., 2013). Such carbon morphologies favor a decrease in the
tortuosity and in the interparticle connection resistances, leading to
improved mass transport (molecular and Knudssen diffusion), as
well as better ionic and electronic conductivities of the CL (Kannan
et al., 2007; Vairavapandian et al., 2008). To our knowledge, the
effect on the local oxygen transport resistance is less studied.
Graphene and graphene oxides as Pt support provide large
electrochemical surface area and stability, but mild improvements
in PEFC performance have been obtained so far compared with

carbon blacks (Daş et al., 2017; Işıkel Şanlı et al., 2017; Grigoriev
et al., 2018; Kim et al., 2019).

Ionomer phase. The ionomer is the component of the CL that,
upon absorption of liquid water in its polymeric structure, generates
an aqueous path for proton conductivity within the CL. It has other
roles, like surfactant in the catalytic ink, and particle binder in the CL
(Kusoglu and Weber, 2017). Most ionomer chemistries contain a
backbone perfluorinated chain with acidic groups in side-chains,
normally sulfonic (-SO3H), that are responsible for water interaction
and ionic conductivity. Of special impact on transport properties is
the ionomer distribution and configuration within the CL, and the
interaction of sulfonic groups with Pt surface. An additional oxygen
transport resistance arises because of the ionomer phase close to Pt
sites, called ‘local mass transport resistance’, which has an important
impact on performance especially when trying to decrease the
catalyst loading in the CL (Sun et al., 2023) (see Figure 8).

Different strategies have been proposed to mitigate such
ionomer-induced mass transport resistance. The use of
hydrophobic agents, C16HS, during CL deposition was
attempted by Sun et al. (Sun et al., 2023) to reduce the
sulfonic group interaction with Pt, leading to an important
increase in performance in rotating disk electrode (RDE) and
single-cell studies. Orfanidi et al. (Orfanidi et al., 2017) changed
the distribution of the ionomer in the CL by introducing
nitrogen-containing surface groups on the carbon support
surface. The procedure led to a decrease in the pressure-
independent oxygen transport resistance of the layer, which is
the resistance due to transport within the ionomer film and
related to the local transport resistance. Changing the ionomer
chemistry is another way to mitigate the interaction of sulfonic
groups with Pt. Rolfi et al. (Rolfi et al., 2018) attained a 20%
increase in oxygen permeability that gave rise to lower mass
transport resistance, by using a modification of Aquivion with a
steric hindered monomer. Garsany et al. (Garsany et al., 2018)
observed a decrease in the resistances of proton transport, oxygen
transport, and charge transfer when changing from an ionomer
with a long side chain, like Nafion, to a shorter side chain
like Aquivion.

3.1.2 Structure of the porous layer and
fabrication process

The morphology of the porous layers, especially the CL, has a
major impact on water management in the cell (Litster and McLean,
2004; Conde et al., 2019; Chen et al., 2020; Liu S. et al., 2023;
Tempelaere et al., 2023). Morphology is characterized by several
parameters, including agglomerate size, secondary pore size and
density, thickness, and tortuosity. The first principle numerical
simulation shows that better transport properties and high
performance in the CL require high porosity and low tortuosity
in the CL (García-Salaberri, 2023b).

Strategies to improve the morphology address principally the
procedure used for the porous layer deposition. Most used
preparation methods, and closer to large-scale electrode
manufacture, are those based on the deposition of a suspension
(‘ink’) of the catalyst and the ionomer in a solvent, to produce a thin,
porous film (Litster and McLean, 2004). By these means, different
film properties can be obtained depending on the suspension
chemistry, deposition parameters, and substrate.
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The ink properties have an impact on the resulting morphology
of the porous layer. Suspension chemistry mostly concerns the
solvent and concentrations of particles and ionomer, which
determine the stability of the suspension, their mutual
interactions, and the state of the ionomer in the ink (Uchida
et al., 1995b; Berlinger et al., 2021; Guo et al., 2021). The latter
governs distribution and morphology within the deposited catalyst
layer, and, ultimately, secondary pores (meso and microporosity)
and transport properties. A solvent with a high dielectric constant
favors the dissolved ionomer state, i.e., isolated chains fully
interacting with the solvent, whereas decreasing values will favor
their aggregation towards colloidal and solid particle states.
However, the effect of the dielectric constant on catalyst layer
morphology is unclear (Berlinger et al., 2021). The interaction of
the ionomer with the particles in the ink is a matter of numerous
studies since it will determine CL morphology and component
distribution in ink deposition by spray coating (Berlinger
et al., 2021).

The substrate used for CL deposition has also an influence on
porous layer morphology and transport properties. For CL
deposition, the MPL or the membrane can be used, or an
external substrate to transfer the CL to the MEA (decal method)
(Cho et al., 2009). Easier experimental handling results from using
the MPL, where deposition can be carried out at different scales and
using fast techniques, like spray coater in automatic roll-to-roll
configurations, so it is probably preferred in commercial products
(‘catalyst covered GDLs’). The deposition on the membrane is
experimentally more difficult due to the management of the
hydrophilic polymer membrane when receiving the sprayed ink,
which may crease easily and become damaged by solvent absorption
and reactivity. On the other hand, it is demonstrated that on-
membrane deposition provides better ionic contact between the
membrane and the CL, which results in an important reduction of
the cell’s internal resistance (Chaparro et al., 2011). To proceed with
this strategy, decal methods have the advantage of using a sacrificial
substrate where the solvent can be eliminated before transferring the
CL to the membrane. A different option for on-membrane
deposition is using a ‘dry ink deposition method’, like
electrospray (Chaparro et al., 2011). In addition, electrospray
results in new CL transport properties that mitigate transport
resistances as described below.

The ink deposition method is very determining for the CL
morphology and transport properties. Ink deposition methods
have been used in different types, from pure impregnation
(Benítez et al., 2005), to airbrushing or ultrasonic spray (Jao
et al., 2013; Turtayeva et al., 2022), ink-jet (Shukla et al., 2014),
roll-to-roll (Liu P. et al., 2023), electrospinning (Brodt et al., 2015),
and electrospray deposition (Martin et al., 2010; Takahashi et al.,
2016; Folgado et al., 2018; Cho et al., 2020; Yoshino et al., 2020;
Conde et al., 2021). Impregnation and spray coating techniques are
widely used due to their fast deposition rate, easier experimentation
and availability of commercial equipment that can be used for
laboratory work and large-scale electrode production. Their main
drawbacks are poor film morphology control and reproducibility,
which depends on careful ink preparation and coating equipment,
notwithstanding personnel experience and skills. It may have low
catalyst yield deposition, especially in small areas, leading to the
waste of expensive material (platinum and ionomer) and an increase

in costs. Ink-jet technology like used in commercial printers has
been applied to improve process reproducibility and yield, but with a
minor impact on film transport properties (Shukla et al., 2014).

Different CL morphology and transport properties are obtained
by using electrospinning and electrospraying deposition techniques.
Both are based on spraying the catalytic ink under the influence of a
strong electric field, which is an additional parameter for the control
of the deposition process. Under the electric field, droplet ejection
may result in the growth of a thin filament or the generation of a
progeny of droplets, due to the opposing effects of Coulomb
repulsion and surface tension. In the first case, electrospinning
deposition occurs with the formation of microwires of the
catalyst and the ionomer that improve connectivity among
particles, oxygen accessibility and water transport properties of
the films (Brodt et al., 2015) (see Figure 9).

The electrospray deposition occurs when Coulombic and
surface tension opposing forces favor the fission of the ejected
droplets (Figure 10), which gives rise to completely different CL
morphology and transport properties (Folgado et al., 2018; Conde
et al., 2019; Conde et al., 2021). During electrospray, the fission of
ink droplets in-flight, after ejected, accelerates solvent evaporation,
favoring catalyst and ionomer particles arrival at the substrate free of
solvent (‘dry deposition’) (see Figure 10A). This makes a substantial
difference compared with other ink deposition techniques. Dry
catalyst particles and ionomer are deposited under the influence
of electrostatic and image forces instead of ink interactions
governing spray deposition, which results in a particular porous
morphology (Higuera, 2018). The accommodation of particles and
the ionomer gives rise to a macroporous and dendritic structure that
renders superhydrophobic pores walls (Cassie–Baxter type) (see
Figure 10B). Electrospray is very appropriate for deposition on
membrane substrate due to the arrival of particles without
solvent, yielding lower CL-membrane contact resistivity
(Chaparro et al., 2011). Transport is enhanced in electrosprayed
layers due to their more homogeneous ionomer distribution
(Figures 8B,D). Local oxygen transport is also favored by the
probably different ionomer structure and local reaction

FIGURE 9
SEM image of an electrospun nanofiber mat. From Ref. (Brodt
et al., 2015).
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environment around catalyst sites, as reflected by a significant
reduction in the local transport resistance (Conde et al., 2019),
and improvement in fuel cell response (see Figure 11) (Chaparro
et al., 2016). The characteristics of the electrosprayed ionomer
structure and local reaction environment are a matter of present
research. Electrospray properties also concern electrode’s durability
and material costs (Conde et al., 2021), which increase the interest
for the industrial manufacture of PEFC electrodes.

Appart from using different ink deposition methods, different CL
structuresmay be obtainedwith improved transport properties by other
means. Including ordering and 3D structuring in the CL has shown a
positive impact on mass transport properties and catalyst utilization, as
highlighted in a recent review (Tempelaere et al., 2023), due to a
decrease in tortuosity and enhanced Pt accessibility in ordered
structures. Ordering in CL relies on more involved synthesis and
deposition processes, compared with ink deposition, which must be

comprehensively analyzed if attempting the transfer from laboratory to
industrial fabrication. Carbon nanotubes have been vertically aligned
over the membrane surface, and MEAs of up to 236 cm2 have been
tested with showing exceeding performance beyond US-DOE targets
for Ptmass activity (Yarlagadda et al., 2018). The alignment is a result of
a carbon deposition on a sacrificial substrate (stainless steel), followed
by Pt and Nafion depositions, and a decal transfer to the membrane.
Ordered CLs of microscale arrays of Pt/C disks, and arrays of holes on
Pt/C films, have been prepared by lithographic technique, leading to
improvements in water transport and mass activity in single PEFC, but
having crossover and short-circuiting issues caused by the inherent
compression inhomogeneities (Paul et al., 2020). Introducing profiles in
parameters of the CL, like ionomer and catalyst concentration, normally
in the through plane direction, has also been demonstrated to improve
transport properties. In this case, the effect favors gradient forces for
water transport, like capillary-driven flow and phase-change induced
transport, leading to a reduction ofmass transport losses (Cetinbas et al.,
2014; Chen et al., 2017; Nguyen et al., 2022).

3.1.3 Membrane-electrodes assembly
configuration

At the MEA level, an appropriate combination of anode and
cathode properties may maximize water gradients and accelerate
water transport and removal. With this aim, different combinations
of CLs have been tested in single PEFCs, and their water
management studied (Folgado et al., 2018). The use of
superhydrophobic CLs in the cathode in front of hydrophilic CLs
in the anode has shown enhancement of water transport from the
cathode to the anode (see Figure 12). This configuration favors high
anode humidification and avoids cathode flooding at high current
densities, which gives rise to a notable increase in peak power
density, above 20% compared with standard, symmetrical,
configurations where cathode and anode have similar
hydrophilicity (Figure 11). On the other hand, the reverse case,
i.e., a superhydrophobic anode in front of a hydrophilic cathode,
increases the possibility of severe membrane drying close to the
anode and its damaging. These results are valid for self-humidified

FIGURE 10
(A) Scheme of electrospray deposition, showing droplet details close to the ejector and the substrate. (B) SEM image of the deposited film with
superhydrophobic character according to Cassie–Baxter model (inset).

FIGURE 11
Polarization and power density curves of two MEAs, one with
commercial and the other with electrosprayed cathode catalyst layer
(from Ref (Chaparro et al., 2016).).
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cell operation under rather common excess flow rate stoichiometry
H2/O2 of 1.5/3.0 in anode and cathode.

The optimal MEA configuration must take into account the
operating conditions in a PEFC. For example, two radically different
operating conditions are the convective and the passive feeding in a
PEFC. The first is the conventional operation mode where reactant
gases are kept flowing parallel to the electrode plane to accelerate the
transport of water and removal from the cell. This mode requires
additional system components to keep the flow regimes and allows
for high power production. On the other hand, the passive feeding
mode does not require forced convection of gases but relies on
passive forces for transport processes: capillarity, diffusion,
evaporation, gravity, and natural convection. A passive PEFC has
an air-breathing cathode in contact with ambient air, and a dead-end
anode, where water transport rates are typically lower than in a
convective cell, as well as the power attained, but the system is
simpler and can avoid auxiliary consumptions. TheMEA design also
differs in both, convective and passive cells, to take into account the
different transport regimes. Whereas a more hydrophobic cathode
will be preferred for the convective operation for the reasons
explained in the previous section (Figures 11, 12), the passive

operation benefits from having larger hydrophobicity in the
anode to avoid excess humidification and passing of liquid water
to the anodic chamber coming from the air-breathing cathode.
Passive cell operation is of higher technological interest in small
and portable applications (Neaţu et al., 2021).

4 Summary and outlook

Lowering Pt loading in next-generation polymer electrolyte fuel
cells (PEFCs) is a priority to reduce their cost and make them more
competitive. However, achieving high performance and durability at
low Pt loading is hindered by significant local oxygen transport
resistance around catalyst sites. The major contributors to local
oxygen blockage are: i) oxygen adsorption at ionomer and Pt
interfaces, and ii) oxygen diffusion across ionomer and water films,
especially the former. The local oxygen transport resistance largely
depends on operating conditions (relative humidity and temperature),
ionomer content, morphology and uniformity, porosity of carbon
support, and catalyst dispersity. Improving oxygen transport at low
Pt loading demands an optimized design of the multiscale pore
structure of the membrane electrode assembly (MEA), with a focus
on the catalyst layer (CL). Operating conditions, materials cost, and
components manufacture must be considered simultaneously.

At the smallest, nanometric scale, optimal accessibility of
reaction sites to gas molecules and protons is the main objective.
With this aim, appropriate starting materials (carbon support,
ionomer), catalyst (Pt/C) synthesis method, and CL deposition
methods may lead to the desired reduction in mass transport
resistances. Appropriate disposition of the ionomer phase around
the catalyst particles should be achieved to minimize transport
resistances around the local reaction environment, especially at
low catalyst loadings. Liquid water management must be
adequate to provide protonic conductivity in the CL through a
liquid path but avoiding pore flooding. With this aim, the use of
deposition techniques for CL preparation, such as electrospraying,
gives rise to a very convenient porous morphology with lower mass
transport resistance.
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