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For next-generation polymer-electrolyte fuel cells, material solutions are being sought to decrease the
cost of the cell components, and, in particular, the amount of catalyst, without sacrificing performance
and lifetime. However, as recently shown, this cannot be achieved in practice due most likely to
limitations caused by the ionomer thin-film surrounding the catalyst sites, where confinement and
substrate interactions dominate and result in increased mass-transport limitations. Mitigation of this
issue is paramount to the future commercial viability of polymer-electrolyte fuel cells.
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To commercialize successfully polymer-electrolyte fuel cells (PEFCs), the cost must be reduced. Such
cost reductions come about through simplification of balance of plant, increasing cell and stack
durability and lifetime, improving cell performance, and, decreasing the cost of the cell components
without sacrificing performance and lifetime. Of particular importance is this latter issue, where cell
developers are trying to reduce the cost of the relatively expensive platinum-group-metal (PGM)
catalysts.1 As discussed below, this is a materials problem in that current architectures and materials
seem to reach a bound, below which unacceptable performance losses are realized as the PGM loading
is decreased. To understand the genesis of the limitations, one must understand the key processes that
occur during PEFC operation. In PEFCs, the catalyst layer (CL) is a very complex chemical and geometric
environment wherein the electrochemical reactions occur as shown in Figure 1a. As the figure
highlights, the critical reaction for traditional PEFCs is that of oxygen reduction to water by protons (that
migrate through the proton-exchange membrane) and electrons (that move through the external
circuit). Due to the formation of water, the 4-electron process that is oxygen reduction, and the use of
air as the oxygen carrier, the overall reaction rate is sluggish and represents the largest inefficiency of
cell operation. As shown in Figure 1a, porous electrodes are used to increase electrocatalytically active
surface area, where the ion-conducting polymer or ionomer binder provides proton transport pathways,
the carbon particles provide electron conduction, and the void volume allows ingress and egress of gas
and liquid (if present). These catalyst layers are often only 10 micrometers or so thick and their
heterogeneous nature make probing their processes and structure under operation extremely
challenging, thus one must rely on performance and ancillary data to derive the dominant resistances in
them; new techniques to investigate transport phenomena in operando are needed.
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Although the techniques to probe the catalyst-layer directly are sparse, combination of computational
modeling and parametric cell studies have allowed for the breakdown of the various losses during
operation. For the most part, this has been reliable.2 However, over the past few years, stack developers
began reporting on performance at low PGM loadings (< 0.1 mgPGM/cm2), anomalous results occurred.3-8
For example, as shown in Figure 2, the undefined resistance in the cell increased with decreasing loading
to substantial values,4,

7, 8

and even more so at lower humidities. In this analysis, the other, known

transport resistances have been removed through systematic variations in gas composition and pressure
and ancillary measurements (e.g., membrane resistance by high-frequency impedance).4, 8, 9 Since the
unknown resistance directly impacts the ability to operate with low PGM loadings, this is a critical issue
and has been gaining much attention in terms of various studies. Furthermore, such losses are seen
whether one tries to decrease the loading by making the catalyst-layer thinner or by diluting the catalyst
layer by carbon particles without catalyst (i.e., decreasing the Pt/C ratio but keeping overall layer
thickness constant as shown in Figure 1b). Similarly, even higher loaded catalyst layers can exhibit
increased resistance after undergoing degradation tests, wherein the active surface area is decreased
due to different phenomena,10 and whose effect is dependent on the carbon substrate as well.11 For
example, Jomori et al.12 witnessed a doubling of the unexplained cathode catalyst-layer resistance after
potential cycles wherein the effective catalyst surface area is decreased, consistent with other studies.13,
14

Finally, it should be noted that for low effective PGM loadings, the crossover hydrogen through the

membrane can generate more severe mixed potentials.

The unknown resistance or voltage loss scales with the Pt surface-area specific current density (as
opposed to geometric-area specific current density), meaning that the resistance is related to local
effects at the catalytic site, but is not related to the turnover frequency of the catalyst as one can
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collapse the data on a master polarization curve normalized to the electrochemically active Pt surface
area. Thus, the local resistance appears to be related to the fact that the flux per platinum site increases
with decreasing loading as shown schematically in Figure 1b, thereby making it harder for oxygen to
reach the active site; similarly, heat and water production will also be locally higher. This increased flux
means that any resistance of oxygen to the Pt surface is exacerbated as is any poisoning or site blockage.
This analysis also agrees with the above concepts of lower effective loadings after accelerated durability
tests as well as the dependence of the observed catalyst-layer dependence on humidity, which is similar
to that of the membrane or bulk ionomer.15 Thus, the measured local resistance is assumed to be the
sum of three component resistances from the gas phase to the Pt surface:8, 13 the interfacial resistance
at the gas/ionomer interface, the bulk resistance of the ionomer film, and the interfacial resistance at
the ionomer/Pt interfaces, which is related to possible adsorption of the ionomer acid moieties onto the
Pt surface (Figure 1c).16-18 Quantification of each resistance would provide key knowledge, however, in
practice they are very coupled and undoubtedly impact each other and so may not be separable. A
notable exception is the model of Debe19 that used the kinetic theory of gases to derive the probability
of oxygen reaching a greatly dispersed Pt site to explain the observed increased resistance at low Pt
loadings.

Various studies have shown that the unknown resistance is not able to be rationalized fully based on
known ionomer thickness (on the order of 2 to 10 nanometers) and bulk ionomer transport properties
(e.g., see reference 20). Thus, the film and interfacial process of oxygen into it must be more resistive
than the bulk. This concept is in agreement with recently observed low water content in the catalystlayer ionomer compared to the bulk ionomer membrane.21-23 With the lower water contents, one
expects lower transport properties. For oxygen, this seems to be the case at least down to 100 nm or so
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films,24 and more data is required for thinner films. However, while some studies have shown lower
proton conductivity,6,

21, 25-27

others have shown increases in it.28-30 This discrepancy may be due to

measurement methods, anisotropic conductivity, or perhaps secondary ion-conduction pathways such
as water films; more data is required to understand the critical materials properties and relate them to
the structure/function relationships of the ionomer. These relationships are expected to perhaps change
as the ionomer thickness decreases and confinement effects become dominant.23

It is well known that when a polymer is confined to thicknesses comparable to its characteristic domain
size, its properties and morphology differ from the analogous bulk materials.31 Even though confinement
effects in polymer films have long been of interest, films of naturally phase-separated ionomers, such as
those used in PEFCs, have gained attention only recently, especially in the last year or so.32-41 Ioncontaining polymers are more complex than many widely studied polymers due to the presence of
solvent/ion electrostatic interactions, hydrogen bonding, less defined chain structure, and their selfassembly is expected to be affected by wetting interactions at both the substrate and free (vapor/liquid)
interfaces as well as by topological confinement effects. The ionomer thin-film studies have reported
confinement-driven changes in properties including water-uptake rate and value, which are assumed to
serve as proxies for other transport phenomena. In general, a significant deviation from bulk behavior is
observed when the films are confined to thicknesses of less than 100 nm, where there is a decrease in
water content until one gets to very thin-films (< 20 nm), as shown in Figure 3, where the lack of being
able to form crystallites might correlate to the observed increase in water content.34,

39

The exact

magnitude of these changes largely depends on the processing conditions, casting solution, and
substrate. The values and trends are in agreement with those derived from catalyst-layer studies in
terms of both water contents as well as time constants for water uptake, implying that the thin films can
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serve as models for catalyst-layer ionomer. However, the nature of the above changes is not definitively
known.

Recently, the research focus has been on correlating the observed uptake and associated swelling
changes to the morphology of the thin films in order to understand the origins of the confinementdriven changes in transport properties. Recent studies have demonstrated that confinement effects and
wetting interactions result in different morphological properties of the ionomer thin films as shown by
various techniques including grazing-incidence small-angle X-ray Scattering (GISAXS),34,
reflectivity,41,

44

x-ray and neutron reflectivity,41,

44, 45

TEM,34 fluorescence,33 contact angle,40,

39,

41-43

46

and

positron annihilation.47 GISAXS has been shown to be extremely useful to investigate the orientation and
spacing of the domains at and below the thin-film interfaces. Similar to the water-content studies, one
sees a loss in phase-separation as films approach thicknesses on the order of 20 nm (see Figure 3).39 The
initial deviation in structure/swelling relationship from bulk behavior can be attributed to the
confinement effects in thin-films (of less than 100 nm) in which the polymer and water domains cannot
randomly orient themselves as in the bulk. However, with a further decrease in thickness below 20 nm,
the lack of structure or phase separation is seemingly accompanied by increased swelling as the ionomer
exhibits more or less a dispersion-like behavior (see Figure 3). In addition, recent studies also seem to
suggest that domain orientation closer to the support could be aligned depending on the substrate
material, 33, 39, 44, 45 and, in particular, its hydrophobicity,45, 48, 49 where increased anisotropy is witnessed,
which is similar to interfacial changes in bulk ionomers caused by the environment.50-59 This alignment
also seemingly correlates to an increase in the modulus of thin films,60 which is somewhat consistent
with the reduced water uptake due to a shifting balance of mechanical/chemical energies controlling the
swelling. In addition, the films themselves exhibit wettability changes depending on thickness and
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substrate with films changing from hydrophobic to hydrophilic in ambient conditions around 50 nm on
Si,40,

47

but not until much lower thicknesses on Pt,40,

47

suggesting the importance of substrate

interactions. Overall, the current materials understanding of ionomer thin films is still far from complete
due to the significant material-parameter space (e.g., film thickness, casting and processing conditions,
substrate, etc.) and experimental and computational difficulties, and one needs to determine the
governing relationships in order to elucidate the causes of resistance in hopes of mitigating them
through material design and manipulation. Furthermore, most current studies focus on planar films
under ex-situ conditions, thus, there is need to understand fundamentally how these interactions occur
on real particles with varying surface area and under operating conditions including application of
electrochemical potential.

As discussed, PEFCs made with traditional Pt/C catalyst layers demonstrate unexplained resistances at
low PGM loadings that seem related to the ionomer film surrounding the catalyst sites. These films
interact with the sites in a variety of ways, and only by understanding the role of film thickness and
substrate/film interactions in the structure-function relationships of thin-film ionomers, can one develop
tools, structures, and materials to achieve optimum ionomer content, better PGM utilization, and
ultimately improved catalyst-layer performance. One should also note that the above discussion could
also represent a possible issue with higher-loaded catalyst layers, which may become low-loaded during
operation due to degradation. There is a need to explore the steady and dynamic behavior of the
morphological, structural, and transport properties of thin-films, including possible anisotropies. In
addition, there is ample opportunity to look towards material solutions to decrease the ionomer-film
resistance, which could be different ionomer structures, side-chains and acid endgroups, different ionexchange capacities, more gas-permeable morphologies and backbone moieties, different casting
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solvents and thermal treatments, different substrate (i.e., carbon) properties, etc. While some
challenges with low-PGM-loaded catalyst layers can perhaps be engineered around (for example, one
can remove the ionomer entirely as exemplified by 3M’s NSTF electrodes),61 such approaches typically
compromise other aspects of cost whether it is performance or durability. Similarly, while alternative,
non PGM,62 or more active catalysts63 can be explored, the issues related to oxygen accessibility may or
may not be mitigated.
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Figure 1 Schematics of the porous fuel-cell catalyst-layer structure and the transport therein for (a) high
and (b) low PGM loadings. (c) Close up view of local transport to a Pt site through the ionomer film
showing the orientation of polymer domains and transport resistances.
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Figure 2. Undefined cell resistance as a function of Pt loading based on references4, 7, 8 (dotted line is
only guide for the eye) at near 100 % relative humidity, where all known resistances have been
systematically corrected.
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Figure 3. Ellipsometry and GISAXS (inset) data for Nafion thin films on carbon close to saturation (95 to
100% relative humidity).39 GISAXS half-ring becomes weaker as the film gets thinner (i.e., from 300 nm
to ~30 nm in the insets) indicating weaker or complete loss of phase separation. Thickness swelling of
films of ~100 nm decreases due to deviation from bulk-like structure, then increases again for
thicknesses close to or below 20 nm due to loss of structure.
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Mass-transport limitations in fuel-cells due to the resistances caused by the ionomer thin-film
surrounding the catalyst sites must be mitigated to achieve the desired performance with low-Pt
loadings, a key for the commercialization of polymer-electrolyte fuel cells.

15

Journal of Materials Chemistry A Accepted Manuscript

Page 15 of 16

108x86mm (600 x 600 DPI)

Page 16 of 16

Journal of Materials Chemistry A Accepted Manuscript

Journal of Materials Chemistry A

